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FC  REWORD 

This  Final  Technical  Report  covers  work  performed  under  Contract 
F33615-63-C-1143  from  1  December  1967  to  30  April  1969.  The  manuscript 
was  released  by  tha  authora  In  April  1969  for  publication. 

This  contract  with  Metcut  Research  Associates  Inc..  Cincinnati.  Ohio, 
was  lnltiatsl  under  Manufacturing  Methods  Project  703-8,  "MachlnablWy 
Parocet-ra  on  New  and  Selective  Aerospace  Materials."  It  was  accowplisved 
under  the  technical  direction  of  Mr.  Mas  A.  Guenther  and  It.  Ravnwnd  Co# 
of  the  Fabrication  branch  fMATFl ,  Manufacturing  Technology  Division,  Air 
Force  Material#  Laboratory,  Wright-Patterson  Air  Force  Rase,  Ohio. 

Mr.  Norman  Zlatln,  Director  of  Machinablltty  Research  at  Metcut,  was 
the  engineer  In  charge,  others  who  cooperated  In  the  prepsrstlon  of  this 
report  were:  Drs.  Michael  Field  end  F.  E.  Vestemann  and  Meisra.  John  D. 
Christopher.  L.R.  Catto,  and  John  B.  Kohls.  This  project  has  been  given 
the  Metcut  Research  Internal  Niseber  960-11400. 

This  project  has  baan  accomplished  as  a  pare  of  the  Air  Force  Manufac¬ 
turing  Mathods  Program,  tha  primary  objectlva  of  which  la  to  devslop  on 
a  tli  y  basis,  manufacturing  processes,  techniques,  and  equipment  for  use 
In  economical  production  of  USAF  materials  and  components. 

Tour  consents  are  solicited  on  the  potential  utilisation  of  the  IrforM- 
t ion  contained  herein  as  nppllad  to  your  present  or  future  production  pro¬ 
grams.  Suggestions  concerning  additional  manufacturing  mathods  development 
required  on  this  or  other  subjects  will  be  appreciated. 

This  technical  report  has  bean  reviewed  and  Is  approved. 

'l Jack  r,  Mb  ask  “ 

(Chief,  Fabrication  Branch 
'Manufacturing  Technology  Division 
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Four  groups  of  alloys  interest  to  the  aerospace  industry  were  selected 
for  the  machinability  studies  from  a  survey  of  the  industry  and  a  review  of 
the  literature.  The  four  groups  consisted  of  (1)  high  strrngth  steels. 

(2)  titanium  alloys.  (3)  nickel  base  alloys  and  (4)  stainless  steel  alloys. 

Doth  wrought  and  cast  alloys  were  included  in  the  first  three  groups. 

Conve ntional  tools  were  generally  used  in  this  program.  However,  during 
the  span  of  this  program,  multiple  -  tooth  carhitie  milling  ru*ters  {wh*«.h 
provided  a  greater  variety  of  tool  geometries!  were  made  available 
commercially.  This  development  permitted  a  wider  range  of  investigations 
with  multr'le-tooth  cutters  in  face  milling  the  variety  of  alloys  included 
in  this  prt  -am.  Also,  end  milling  cutters  utilising  "throwaway"  inserts 
were  made  available  which  had  a  geometry  more  suitable  for  peripheral 
end  milling  the  difficult- to- machine  high  nickel  base  alloys.  Hence,  these 
cutters  were  used  in  many  of  the  tests.  The  rutting  speeds  with  these 
carbide  cutters  were  at  least  double  those  permitted  with  high  speed  steel 
end  mills. 

In  g'-neral.  the  cast  nickel  base  allovs  required  even  lower  cutting  speeds 
than  the  wrought  alloys  in  this  category.  Recommendations  are  lis'ed  in 
tables  in  the  report  for  machining  all  of  the  alloys  included  in  this  program 
with  commercially  available  tools.  It  should  be  noted,  however,  that  in 
some  instances  small  departures  from  ths  Suggested  cutting  speeds,  feeds, 
cutting  fluids,  tool  geometries  or  tool  materials  could  result  in  significant 
reductions  in  tool  life. 

The  relationship  between  dimensional  accuracy  and  length  of  end  mill 
cutter  was  also  determined.  This  invest. gstion  also  included  the  effect 
of  tool  wear  on  cutter  deflection. 

A  short  study  was  also  made  of  the  machined  surfaces  o stained  by  face 
milling  and  grinding  of  two  titanium  alloys,  s  High  strength  steel,  sad  a 
nickel  Haas  alloy. 


Thi I  document  is  subject  to  special  export  controls  and  each  transmittal  to 
foreign  governments  or  foreign  nationals  may  be  made  only  with  prior 
approval  of  the  Manufacturing  Technology  Division.  MAT.  Air  Force 
M*ttr<als  Laboratory.  W right* Patteraon  Air  Foree  Base.  Ohio  4MJJ. 
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12  Turning  HP  4.4-45  Steel  Normaliaed  341  bHN  23 

13  Face  Miling  HP  0-4-45  Steel  Normalised  302  r»HN  21 

14  Face  Milling  HP  0.4.45  Steel  Normalised  302  BHN  24 

15  Face  Mill,  ig  HP  9-4-43  Steel  Normalised  302  PHN  24 

lb  Face  Milling  HP  9-4-45  Steel  Normalised  302  BHN  25 

17  race  Milling  HP  9-4-43  Steel  Normaliaed  302  BHN  23 

IS  Face  Milling  HP  9-4-43  Steel  Normalised  302  BHN  26 

19  Face  Milling  HP  9-4-43  Steel  Normalised  102  BHN  26 

20  Peripheral  End  Milling  HP  9-4-43  Steel  Normalised 

302  BHN  27 

21  Peripheral  End  Milling  HP  9  4-43  Steel  Normalised 

302  BHN  27 

22  End  Mill  Slotting  HP  9-4-43  Steel  Normaliaed  302  BHN  21 

23  End  Mill  Slotting  HP  9-4-43  Steel  Normalised  302  BHN  2S 


•  *t  • 


I  1ST  OF  II  1. 1 'STRATTONS  (i ..fihiw. rj ) 
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25  Drilling  HP  '4  4-45  Steel  Normalized  302  BHN 
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4  3  Face  Milling  Caat  18%  Nickel  Maraging  Steel  Solution 
Treated  311  BHN 
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Figure 

4(i  Face  M.I’mfi  Ca*t  lu*«  Nickel  Maraging  Ste*l  Solution 

Treated  3  1 1  RHN  SO 

47  Fair  Milling  Ca»t  In'*.  Nickrl  Maragit.fi  Str*l  Solution 

Treated  311  BHN  50 

48  Face  Milling  Cast  18*’#  Nickel  Maraging  Steel  Solution 

Treated  311  PHN  51 

49  F*  Milhrg  Ca»t  18r,  Nickel  Maraging  Steel  Solution 

Treated  311  RUN  51 

50  Peripheral  End  Milling  Caat  18*#  Nickel  Maraging  Steel 

Solution  Treated  311  BHN’  52 

51  Peripheral  Er^  Milling  Caat  I8r#  Nickel  Maraging  Steel 

Solution  Treated  311  BHN  32 

52  Drilling  Caat  18r#  Nickel  Mai ag.ng  Steel  Solution  Treated 

311  RUN  53 

53  Turning  Caai  l*'#  Nickel  Maraging  Steel  Aged  49  Rc  57 

54  Tu  rmr.fi  Caat  IS*1#  N.ikel  Maraging  Steel  5i 
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54  Face  Milling  Caat  17-4  PH  Solution  Treated  and  Aged 

415  2HN  65 

57  Face  Milling  Caat  17-4  PH  Solution  Treated  and  Aged 

415  BHN  4»S 

58  Face  Milling  Caat  17-4  PH  Solution  Treated  and  Aged 

415  BHN  86 

54  Face  Milling  Caat  17-4  PH  Solution  Treated  and  Aged  » 

415  BHN  66 

M  Face  Milling  Caat  17  -4  PH  Solutioa  Treated  and  Aged 

415  BHN  67 

61  Face  Milling  Caat  17-4  PH  Solution  Treated  and  Aged 

415  BHN  67 

tl  Pace  Milling  Caat  17-4  PH  Solution  Treated  and  Aged 

4  If  BHN  68 

Tact  Milling  Caat  17-4  PH  Solutua  T.»atH  and  Aged 
415  BHN  68 
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and  Aged  4  1  *>  BHN  1 
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4  IS  BHN  7| 

*•4  End  Mill  Slotting  Cat!  17.4  PH  Solution  Treated  and  Aged 

4 IS  BHN  71 

70  End  Mill  Slotting  Caat  17.4  PH  Solution  Treated  and  Aged 

4  IS  BHN  *: 

71  End  Mill  Slotting  Caat  17-4  I’ll  S'»!u*:on  T'ea'e.}  *nd  Agr«j 

4  In  BHN  7 i 

71  Drilling  Caat  17-4  PH  Solution  Treated  and  Aged  414  BHN  71 

7 J  Reaming  Caat  17-4  PH  Solution  Treated  and  Agad  41)  BHN  71 

74  Tapping  Caat  17.4  PH  Solution  Treated  and  Aged  414  BHN  74 

7)  Peripheral  End  Milling  Almar  142  Annealed  248  BHN  78 

7a  Penpharal  End  Milling  Almar  It  2  Anna* lad  244  BHN  71 

77  Peripheral  End  Milling  Almar  1*2  Annaalvd  248  BHN  74 

78  Peripheral  End  Milling  Almar  142  Anne  a  lad  248  BHN  74 

78  Penpharal  End  Milling  Almar  182  Annealed  244  BHN  BO 

80  Drilling  Almar  142  Annealed  2)1  BHN  80 

81  Ptnoherai  End  Milling  Almar  142  Annealed  and  Tamper 

Aged  ID  BHN  M 

82  Peripheral  End  Milling  Almar  Sa2  Annealed  and  Temper 

Aged  17)  BHN  »4 

8)  Peripheral  End  Milling  Almar  1*2  t) 

•4  Drilling  Almar  142  Annealed  and  Umptr  Aged  188  BHN  8) 
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**•  Drill.ng  Airier  *r  £  Anneale-l  ard  T'mtv r  A?*‘d  BHN 

t*t  Aim *r  1*2 

?*  T  T>rr.:ng  I  lUn.'/n  '  A\  ■  AV  Beta  F'-*s»-d  >11  BHN 

'■>  Timing  TVet:  .m  •  A1  4Y  H-tu  F  •*fd  3>l  BH' 

S  1  T.rn;ng  7  ;  t .» r,  i  ,:n  'A!  4V  B*»a  F  ill  BHN 

a‘l  Turning  Tiur.ium  tAI-4\  B* ’a  F'»r<*“d  HI  BHN 

41  Tirnmc  Titanium  *Al-4%  Beta  F<>rg*fi  111  BHN 

9J  Timing  Tuan. urn  *Al-4V  Beta  Fotgrd  111  BHN 

M  Turm-g  Tuanr.m  *>Al-4V  Brta  Fo’ged  111  BHN 

?4  i  av««  Milling  Tstanum  »<Al •  4V  Ft.-ta  F'»»ge**  HI  BHN 

>i  Fac-*  Milling  Titam.m  *Al-4V  Bela  Forged  '  '1  BHN 

Fai  «•  Milhn%  Tt*a  ;■  m  »A1*4V  B**a  F’>r|f*d  >tlBHN 

l,T  Fan*  Milling  Tita m  :in  t  Al •  4V  ftr*a  F  irged  !»1  I'.MN 

9®  Face  Milling  T.tanwm  eAl*4V  B**‘«  F*>rg*d  Ml  BHN 

99  Face  Milling  Titanium  t>Al*4V  Beta  Forged  111  BHN 

luO  Fac*  Milling  Titan. *m  AAI-4V  Beta  Forged  Ml  BHN 

101  Fac*  Mill.ng  Titan. vm  **Al-4V*  Beta  Forged  Ml  BHN 

102  Fan-  Milling  Titanium  6AI-4V  Beta  Forged  Ml  BHN 

10)  P*r spheral  End  Milling  Titanium  o.\l-4V  Beta  Forged 
Ml  BHN 

104  Peripheral  Erd  Milling  Titanium  0A1*4V  Beta  Forged 
Ml  BHN 

105  Peripheral  End  Milling  Titanium  6Al*4V  Bela  Forged 
all  BHN 

106  Peripheral  End  Milling  Titanium  oAl*4V  BeU  Forged 
Ml  BHN 

l<*7  Peripheral  End  Mill.ng  Titanium  6Al>4V  Beta  Forged 
)M  BHN 

101  Peripheral  End  Milling  Titanium  oAl-4V  Beta  Forged 
))l  BHN 
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Peripheral  End  Milling  Titanium  6A1-4V  Beta  Forged 
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111 
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Peripheral  End  Milling  Titanium  6AI-4V  Beta  Forged 

131  BHN 

112 
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Cutter  Deflection  in  Peripheral  Er.d  Milling  Titanium 
6A1-4V  Beta  Forged  331  BHN 
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Cutter  Deflection  in  Peripheral  End  Milling  Titanium 
6A1-4V  Beta  Forged  331  BHN 

113 
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Cutter  Deflection  in  Peripheral  End  Milling  Titanium 

6A1  * 4 V  Beta  Forged  331  BHN 

113 

1 1  S 

Cutter  Deflection  in  Peripheral  End  Milling  Titanium 
6A1-4V  Beta  Forged  331  BHN 

114 
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End  Mill  Slotting  Titanium  6A1-4V  Beta  Forged  331  BHN 

114 
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117 

End  Mill  Slotting  Titanium  6A1*4V  Beta  Fnrged  331  BHN 

115 
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End  Mill  Slotting  Titanium  6A1-4V  Beta  Forged  331  BHN 

115 

119 

Drilling  Titanium  6A1-4V  Beta  Forged  Drill  Blocks 

331  BHN 
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120 

Drilling  Titanium  6A1-4V  Beta  Forged 

116 

121 

Photomicrographs  of  Titanium  6A1-4V  Beta  Forged 

Mill  Blocks  and  Dr:11  Blocks 

117 
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Drilling  Titanium  SA1-4V  Beta  Forged  Mill  Blocks 

331  BHN 
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Drilling  T’tamum  6AI-4V  Beta  Forgtl  Mill  Block 

331  BHN 
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Drilling  Titanium  6A1-4V  Beta  Forged  Mill  Blocks 

331  BHN 
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Reaming  Titanium  6A1-4V  Beta  Forged  Drill  Blocks 

331  BHN 

119 

> 

126 

Reaming  Titanium  6AI-4V  Beta  Forged 

120 

127 

Reaming  Titanium  6AI-4V  Beta  Forged  Mill  Blocks 

331  BHN 

120 

*1 
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>  1  ;  •* 

*  1 

123 

Reaming  Titanium  PA1-4V  p^'a  F  'f£"j  Mill  Bloc** 

3  3  1  BHN 

122 

* 

12<> 

Reaming  Titanium  tA!-4V  Beta  I  orgod  M:’l  PI-m.** 

331  BHN 

121 

$ 

HO 

Roaming  Titanium  rAl-4V  Po*<>  F ci r c o H  M.ll  P!uv.'«» 

331  PHN 

122 

131 

Tapping  Titanium  t>Al-4V  Rota  Forgod  Mill  P’ocV* 

331  BHN 

122 

132 

Tapping  Titanium  oAl-4V  Bota  Forgod  Mill  B!o<** 

331  BHN 

123 

i 

133 

Tapping  Titanium  bAl-4V  Bota  Forgod  Mill  Blocks 

33 i  BHN 

123 

134 

Tipping  Titanium  bAl-4V  Bota  Forgod  Mill  Bloc** 

331  BHN 

124 

• 

• 

1 3  S 

Tapping  Titanium  6A1-4V  Bota  Forgod  Mill  Bloc** 

331  BHN 

124 

• 

13b 

Face  Milling  Caat  Titanium  6A1-4V  As  Cast  341  BHN 

124 

137 

Face  Milling  Caat  Titanium  6AI-4V  As  Caat  341  BHN 

124 

1 

138 

Face  Milling  Caat  Titanium  6AU4V  As  Caat  341  BHN 

130 

139 

Face  Milling  Caat  Titanium  6Al»4V  As  Caat  341  BHN 

130 

140 

Face  Milling  Caat  Titanium  6A1-4V  As  Caat  341  BHN 

1)1 

141 

Face  Milling  Cast  Titanium  bAi-4V  An  Cast  341  BHN 

1)1 

i 

142 

Peripheral  End  Milling  Caat  Titanium  feAl»4V  As  Caat 

311  BKN 

1)2 

143 

Peripheral  End  Milling  Cast  Titanium  6A1*4V  Aa  Caat 

311  BHN 

132 

144 

End  Mill  Slotting  Caat  Titanium  iAl-4V  Aa  Cast  311  BKN 

13) 

t 

145 

End  Mill  Slatting  Caat  Titanium  6A1-4V  Aa  <^aat  311  BHN 

133 

• 

146 

Drilling  Cast  Titanium  6AI-4V  Aa  Caat  311  BHN 

1)4 

147 

End  Mill  Slotting  Titanium  6Al*25n*4Zr*2Mo  Solution 
Treatad  and  Aged  321  BHN 

140 

• 
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148 

End  Mill  Slotting  Titanium  6Al*2Sn-4Zr -2Mo  Solution 
Treated  and  Aged  321  BHN 

140 

• 

i 

14? 

End  Mill  Slotting  Titanium  6A1- 2Sn-4Zr *2Mo  Solution 
Treated  and  Aged  321  BHN 

141 

ISO 

Drilling  Titanium  fcAl •  2Sn-4Zr •  2Mo  Solution  Treated 
and  Aged  321  BHN 

142  | 

1 

< 

151 

Drilling  Titanium  6Al-2Sn-4Zr-2Mo  Solution  Treated 
and  Aged  32 1  BHN 

...  ! 

152 

Drilling  Titanium  6Al-2Sn*4Zr-2Mo  Solution  Treated 
and  Aged  321  BHN 

143  i 

1  • 

4 

15) 

Drilling  Titanium  t>Al-2Sn-4Zr-2Mo  Solution  Treated 
and  Aged  321  BHN 

1 

1 

143 

154 

Rraming  Titanium  6Al-2Sn*4Zr-2Mo  Solution  Treated 
and  Aged  321  BHN 

144 

155 

Tapping  Titanium  6Al-2Sn«4Zr-2Mo  Solution  Treated 
and  Aged  321  BHN 

i« 

.«  ! 

»  • 

1 

15b 

Tapping  Titanium  6Al»2Sn-4Zr»2Mo  Solution  Treated 
and  Aged  321  BHN 

1«7 

Tapping  Titanium  bAl*2Sn>4Zr"2Mo  Solution  Treated 
and  Aged  321  BHN 

i 

145  ' 

:  1 

« 

158 

Turning  Titanium  679  Solution  Treated  and  Aged  352  BHN 

150 

159 

Turning  Titanium  679  Solution  Trtattd  and  Aged  352  BHN 

150  ! 

. 

IbO 

Turning  Titanium  (.79  Solution  Treated  and  Aged  352  BHN 

151 

i 

Ibl 

Turning  Titanium  679  Solution  Treated  and  Aged  352  BKN 

151 

;  i 

j 

<  • 

)b2 

Peripheral  End  Milling  Titanium  679  Solution  Treated 
and  Aged  352  BHN 

152  j 

i 

lb) 

Peripheral  End  Milling  Titanium  679  Solution  Treated 
and  Aged  352  BHN 

J 

152 

i 

a 

164 

Peripheral  End  Milling  Titanium  679  Solution  Treated 
and  Aged  352  BHN 

J 

.51 

w 

i 

4 

IbS 

Peripheral  End  Milling  Titanium  679  Solution  Treated 
and  Aged  352  BHN 

j 

153 

1  1 

) 

1 

3 

1 

9 

*  « 

j  • 

*  u 

•  sill  - 

1 

• 

1 
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.j 

• 

1  bt. 

Peripheral  End  Milling  Titanium  t.7'1  Solution  Tfeitrrt 
and  Aged  J-2  RUN 

’  <-4 

» 

< 

lt>7 

Drilling  Titanium  t>70  Solution  Treated  and  Aged  )4  1  13 MN 

134 

It'S 

Dr.lhng  Titanium  071  Solution  Treated  ard  Aged  34  1  BUS 

155 

)-> 

Per  i  t'h"  r  a  1  E  nd  Mili.rn*  Inconel  'H  Sol  .t.on  Treated  and 
Aged  4 5  Rt 

1-2 

» 

173 

Peripheral  End  Milling  Inconel  7  14  Solution  Treated  and 
Aged  45  R c 

1-2 

171 

Penpheral  End  Milling  Inconel  7  14  Solution' Treated  and 
Aged  45  Rc 

!*•) 

1 

172 

Peripheral  End  Milling  Inconel  7  In  Solution  Treated  and 
Aged  45  Rc 

If,  J 

173 

Peripheral  End  Milling  Inconel  713  Solution  Treated  and 
Aged  45  Rc 

1-4 

a 

174 

Peripheral  End  Milling  Inconel  718  Solution  Treated  and 
Aged  45  Rc 

1-4 

175 

Peripheral  End  Milling  Inconel  7*8  Solution  Treated  and 
Aged  45  Rc 

155 

17(, 

Peripheral  End  Milling  Inconel  718  Solution  Treated  and 
Aged  45  Rc 

It5 

* 

177 

Peripheral  End  Milling  Inconel  718  Solution  Treated  and 
Aged  45  Rc 

lt>b 

178 

Peripheral  End  Milling  Inconel  718  Solution  Treated  and 
Aged  43  Rc 

Ifeb 

179 

Peripheral  End  Milling  Inconel  7)8  Solution  Treated  and 
Aged  45  Rc 

lb7 

i 

180 

Peripheral  End  Milling  Inconel  7)8  Solution  Treated  and 
Aged  43  Rc 

lb7 

181 

Peripheral  End  Milling  Inconel  7)8  Solution  Treated  and 
Aged  43  Rc 

168 

• 

182 

Peripheral  End  Milling  Inconel  718  Solution  Treated  and 
Aged  4$  Rc 

168 

•  l 

at  1 
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I  1ST  OF  !M. ’‘STRATTONS  (t  on*. murd) 


F  C  .  r« 


£.!1S 


Peripheral  End  Milling  Inconel  718  Solution  Treated 
and  Aged  45  Rc 

Peripheral  End  Milling  Inconel  718  Solution  Treated 
and  Aged  45  Rc 

Vripheral  End  Milling  Inconel  718  Solution  Treated 
and  Aged  45  Rc 

Peripheral  End  Milling  Inconel  718  Solution  Treated 
and  Aged  45  Rt 

Peripheral  End  Milling  Inconel  718  Solution  Treated 
and  Aged  45  Rc 

Face  Milling  Inconel  62r'  Annealed  277  BHN 
Face  Milling  Inconel  625  Annealed  277  BHN 
End  Mill  Slotting  Inconel  625  Annealed  277  BHN 
End  Mill  Slotting  Inconel  625  Annealed  277  BHN 
End  Mill  Slotting  Inconel  625  Annealed  277  BHN 
End  Mill  Slotting  Inconel  6 25  Annealed  277  BHN 
Peripheral  End  Milling  Aa  Caet  Udimet  700.  3C2  BHN 
Peripheral  End  Milling  Aa  Caet  Udi.uet  700.  302  BHN 
Peripheral  /'nd  Milling  Aa  Caat  Udimet  700.  302  BHN 
Peripheral  End  Milling  Ae  Caet  Udimet  700.  302  BHN 
Peripheral  End  Milling  Ae  Caet  Udimet  700,  302  BHN 
Peripheral  End  Milling  Aa  Cast  Udimet  700.  302  BHN 
Peripheral  End  Milling  Ae  Caat  Udimet  700.  302  BHN 
Peripheral  Ehd  Milling  Ae  Cast  Udimet  700.  302  BHN 
Peripheral  End  Milling  As  Cast  Udimet  700,  302  BHN 
Peripheral  End  Milling  As  Cast  Udimet  700,  302  BHN 
Peripheral  End  Milling  As  Cast  Udimet  700.  302  BHN 
End  Mill  Slotting  As  Cast  Udimet  700.  302  BHN 
End  Mill  Slotting  As  Cast  Udimet  700,  302  BHN 


*  H  • 


(c  untj  nurd} 


i  !5T  or  t;  ;.ustbat:c\' 


F  liiff 


Lui 


End  Mill  Slotting  A*  Catt  LMimet  TOO,  102  BHN 

Drilling  At  Catt  Udimet  700.  302  BHN 

Drill. ng  At  Catt  Udimet  700.  102  BHN 

Reaming  At  Catt  Udimet  700,  J02  BHN 

Reaming  At  Catt  Udimet  700.  102  PHN 

Reaming  As  Catt  Udimet  700,  3C2  BHN 

Tapping  At  Catt  Udimet  700,  J02  BHN 

Tapping  At  Catt  Udimet  700.  302  BHN 

Penplivral  End  Milling  Cat*  Inconel  ? I S  At  Catt  269  BHN 

End  Mill  Slotting  Catt  Inconel  718  At  Catt  260  BHN 

End  Mill  Slotting  Cast  Inconel  718  At  Catt  269  BHN 

Turning  Greek  Atcoloy  Quenched  and  Tempered  382  BHN 

Turning  Greek  Atcoloy  Qjenched  and  Tampered  382  BHN 

Face  Millirg  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  «nd  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  and  Tempered 
)52  BHN 

race  Milling  Greek  Atcolny  Quenched  and  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 

Face  Milling  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 

race  Milling  Greek  Atcoloy  Quenched  and  Tempered 
352  BHN 


•  • 
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UST  OF  It.t/'^TWATTONS  ont.n-iHt 


F  ^  ir«» 

'  -■* 

P»2» 

22  > 

Fai  *  Milling  Grrek  Aa<  oloy  Oi»ru  had  and  Tamparad 

3S2  BIO' 

213 

23  0 

F*(  f  Milling  Graak  Aacoloy  Quanchad  and  Tamparad 

3*2  PUN 

214 

2  51 

Fac<*  Milling  Graak  Aacoloy  Quanchad  and  Tamparad 

3*2  BUN 

214 

252 

F*ca  Milling  Graak  Aacoloy  Quanc Had  and  Tamparad 

3^2  BHN 

213 

235 

Fata  Milling  Graak  4ac~j-jy  Q„*,v.had  and  famparad 

3*2  BUN 

215 

234 

Fata  Milling  Graak  Aacoloy  Quanchad  and  Tamparad 

352  BUN 

216 

23* 

Face  Milling  Graak  Aacoloy  Quanchad  and  Tamparad 

332  BUN 

216 

23b 

I'rnp’  aral  Fnd  Milling  Graak  Aacoloy  Quanchad  and 

Tan. pa  rad  3*2  BUN 

217 

237 

Partpharal  End  Milling  Graak  Aacoloy  Quanchad  and 
Tamparad  332  BHN 

*17 

238 

End  Mill  Slotting  Graak  Aacoloy  Quanchad  and 

Tamparad  332  BHN 

*11 

239 

End  Mill  Slotting  Graak  Aacoloy  Quanchad  and 

Tamparad  332  BHN 

lit 

240 

Drilling  Graak  Aacoloy  Quanchad  and  Tamparad  >21  BHN 

*19 

241 

Drilling  Graak  Aacoloy  Quanchad  and  Tamparad  321  BHN 

*19 

*42 

Roaming  Graak  Aacoloy  Quanchad  and  Tamparad  )21  BHN 

*20 

24) 

Tapping  Graak  Aacoloy  Quanchad  and  Tamparad  321  BHN 

*20 

244 

Distortion  and  Rtaidual  Straaa  T*  at  S pact  man 

22) 

245 

Daflaction  Maaauramaat  Ftxtura 

224 

246 

Photograph  o(  Electrolytic  Apparatua  Uaad  lor  Diffarantial 
Etching  of  Residual  Straaa  Spactmaaa 

225 

BVti 
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!  :>t  f'r  ::  :  "  -  ri-%  4?*t".  »  {  ont.n->»d) 

La.I1 

- 

D .  **  -r  •  t  .-0  Pr«  ,!s  -g  From  Fat  r  M  .1  ting  HI’  4  4-45 
'1  K; 

232 

- 

1 

n* 

Rr «,  i  ,4!  S*r*«*  A'. !fr  Fat*  Milling  HI’  1  4-45 

Mjr*f:v?»r»d  U  R 

232 

Rrvd  .41  Jit  r  c  «*  After  Ia*r  Milling  HI’  *■  4  ■  4S 

M  x  r  •  ••  •!'  t**  r  *"d  '1 

233 

» 

2  SO 

Di  at  or*  ion  Rr«'i.tmg  From  Fate  Milling  HP  4-4-45 
M*rtrni9*rr>J  SI  Rc 

233 

2M 

Kectdual  jitxt  Alter  Fate  Milling  HP  4.4.45 
Martempered  ?l  Rv 

2)4 

1 

£•>£ 

Residua!  Streaa  Alter  Face  Milling  HP  4-4-44 
Martent^ered  SI  R( 

234 

Diatortion  Reaultmg  From  Surface  Grinding  HP  4*4-45 
Martempered  »l  Rc 

2)5 

0 

:'-4 

Oi  «tortiv>n  Reuniting  From  Surface  Grinding  HP  4-4-45 
Martempered  H  Pi 

2)5 

1 

2«>5 

Residual  Stress  Alter  Surface  Grinding  HP  4-4*  (1 
Martempered  51  Rc 

2)6 

2St> 

Residual  Streaa  After  Surface  Grinding  HP  9-4*45 
Martempered  51  Rc 

236 

1 

257 

Reaidual  Streaa  After  Surface  Grinding  IfP  9*4*45 
Martempered  51  Rc 

2)7 

25J 

Reaidual  Streaa  After  Surface  Grinding  HP  9*4*45 
Martempered  51  Rc 

2)7 

• 

259 

Reaidual  Streaa  After  Surface  Grinding  HP  9*4*45 
Martempered  51  Re 

231 

• 

260 

Reaidual  Streaa  After  Surface  Grinding  HP  9*4*45 
Martempered  51  Ac 

2)1 

261 

Reaidual  Streaa  After  Surface  Grinding  HP  9*4*45 
Martempered  51  Rc 

2)9 

•  i 

| 

• 

262 

Distortion  Reault’ng  From  Face  Milling  Titanium 

6A1-4V.  Beta  Rolled.  Aged  )22  BHN 

247 

• 

• 

•  «e»U  * 

.... 

**■-  -  - 

• 

IJSTOr  It.I.VST** ATIONS  f<ontimied) 

P»r- 

.  A, 

it  3 

Re»iduel  Stret*  After  Face  Milling  Titanium  (A1-4V. 

Beta  Rolled.  Aged  122  BHN 

247 

a  4 

Reaidual  Strea*  After  Face  Milling  Titanium  (A1-4V. 

Beta  Rolled,  Aged  322  BHN 

24« 

2 1  s 

Reaidual  Streaa  After  Face  Milling  Titanium  4AI-4V. 

Beta  Rolled.  Aged  322  BHN 

248 

2  It. 

Distortion  Resulting  From  Face  Milling  Titanium  (AI-4V. 
Beta  Rolled.  Aged  322  BHN* 

249 

2(7 

Reaidual  Stieaa  After  Face  Milling  Titanium  fcAl*4V, 

Beta  Rolled.  Aged  322  BHN 

249 

2(8 

Dietortion  Fleaultmg  From  Surface  Grinding  Titanium 
(A1-4V,  Beta  Rolled,  Aged  322  BHN 

2S0 

2(9 

Dietortion  Resulting  From  Surface  Grinding  Titanium 
(AI-4V.  Be  a  Rolled.  Aged  3 22  BHN 

230 

•t 

o 

Dietortion  Reaultmg  From  Surface  Grinding  Titanium 
t Al  -  4V ,  Beta  Rolled,  Aged  322  BHN 

231 

271 

Reaidual  Streaa  After  Surface  Grinding  Titanium  (AI-4V. 
Reta  Rolled,  Aged  322  BHN 

251 

272 

Reaidual  Streaa  After  Surface  Grinding  Titanium  4AI-4V, 
Beta  Rolled,  Aged  322  BHN 

25  2 

27) 

Reaidual  Streaa  A/tar  Surface  Grinding  Titanium  (Al - 4 V. 
Beta  Rolled.  Aged  322  BHN 

252 

274 

Distortion  Resulting  From  Face  Milling  Titanium 
cAl-2Sa-4Zr>2Mo.  Annealed  321  BHN 

241 

27) 

Reaidual  Streaa  After  Face  Milling  Ti>4Al*2Sn*4Zr-2Mo, 
Annealed  321  BHN 

241 

274 

Reaidual  Streaa  Aftar  Face  Milling  Ti*4AI*2Sa>4Zr*2Mo, 
Annealed  321  BHN 

242 

277 

Oiatortion  Re  nulling  From  Fact  Milling  Titanium 
4Al-2Sn-4Zr.2Mo,  Annealed  321  BHN 

242 

271 

Reaidual  Streaa  After  Face  Millittg  Ti*4Al*2Sn-4Zr*2Mo, 
Annealed  321  BHN 

24) 

27t 

Reaidual  Streaa  After  Faca  Milling  Ti*4Al*2Sa-4Zr»2Mo. 
Annealed  321  BHN 

24) 

MiX  • 


;  t  ■>' t  ( ' k  : :  i  ■  ‘ ^ r ^ a  r 'o *. s  < 


F  £  ir  * 

FaS" 

2') 

D.itortioo  Rrr;'t:r,{  From  S  irfa».  e  O  ~g  T  !ir.:  um 

t-  a!  •  2S*i  -  4  /.  r  ■  2  M  i .  121  RMN 

2'  4 

:si 

Distort;  >i  K«**'i;t.ng  f  r  im  Sirlacr  Grinding  T.tamum 
tAl  -  2S-i -  4Z  r  •  JMo,  Anifilrd.  321  PHN 

2*4 

D.»*or*ion  Resulting  From  Surfaic  Grinding  Titanium 
t  A!  •  w>n  •  42  r  •  2M  i.  Anncaird  121  IM'N 

2*.? 

2»\ 

Rr?iJ  .a!  5trr»s  A:»**r  SirU^r  Griidi^g  T-tun.  m 
tAl-2Sn.4/.r  2M  >.  Arrralcd  121  PHN 

2*5 

2  $4 

Residual  Stress  Alter  Surface  Grinding  Titan. :m 
oAl  -  2Sn-  4  /  r  *  2Mo.  Annealed  321  PHN 

2*i 

Res. dual  Stress  After  Surface  Grinding  T-tanum 
eAl-2Sn-4Zr-2Mo.  Annealed  321  BHN 

2 1 1> 

2  So 

Residual  Stress  After  Surface  Grinding  T»-oAl*2Sn-4Zr- 
Annealed  121  BHN 

2Mo, 

26? 

:s; 

Distortion  Resulting  From  Face  M.Hmg  Inconel  o23 
Annealed  2^3  DHN 

2?4 

2SS 

Resid.al  Stress  A:  er  Face  Milling  inconel  c23 

Annealed  200  DHN 

274 

289 

Residual  St -ess  Alter  Face  M Ding  Inconel  625 

Annealed  200  BHN 

275 

2*0 

Distortion  Resulting  From  Face  Milling  Inconel  625 
Annealed  203  DHN 

275 

291 

Residual  Stress  After  Face  Milling  Inconel  625 

Annealed  2C0  BHN 

276 

292 

Residual  Stress  Aftsr  Fsce  Milling  Inconel  625 

Annealed  200  BHN 

276 

29i 

Distortion  Resulting  From  Surface  Grinding  Inconel  625 
Annealed  200  BHN 

277 

294 

Distortion  Resulting  From  Surface  Grinding  Inconel  625 
Annealed  200  BHN 

277 

295 

Residual  Stress  After  Surface  Grinding  Inconel  625 
Annealed  200  BHN 

278 
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1. 1ST  I'F  T  A ;  FS 


.♦•commended  Connuiorc#  tor  Miih.mnj  HP  9-4-4? 

Steel.  Normalized  '4  1  BHN 

Rr>  or.imen-ied  C>ni;tiors  lor  Machining  HP  <>-4-4’ 

Steel,  Marts  .lip^red  ?1  Rt 

Recommended  Condition*  lor  Math.nmg  Ca*t  H 
Nukel  Marawirg  Steel.  S'd.it.  n  Treated  J>1  DUN 

Recommended  Condition*  tor  Mav^ining  Ca»t  l"'** 

Nicke*  Maraging  Ste»l.  Agrd  41 

Recomme  nded  Condition*  lor  Mas  Mining  17-4  PH  Ca*t. 
Solution  Treated  and  Aged  4  1?  BHN 

Recomme.ided  Condit’on*  (or  Machining  Almar  1*2. 
Anneahd  248  DUN 

Recommended  Co.idit.on*  (or  Machining  Almar  '*>2. 
Annealed  and  Temper  Ag»i  J**>  PlfN 

Recommended  Condition*  tor  Macrm.ng  Titanium  »Al*4V 
Beta  Forged  111  BHN 

Recommended  Condition*  tor  Machining  Cast  Titanium 
0A1-4V.  As  Cast  141  BHN 

Recommended  Conditions  (or  Machining  Titanr-m 
6Al-2Sti*42r -2Mo.  Solution  Treated  and  Aged  121  BHN 

Recommended  Conditions  ior  Margining  Titanium  6?9. 
Solution  Treated  and  Aged  HI  BHN 

Recw»\mcnded  Conditions  fur  Machining  Inconel  7|g, 
Solution  Treated  and  Aged  4%  Rc 

Recommended  Conditions  tor  Machining  Inconel  *2$, 
Annealed  2’ 7  BHN 

Recommended  Conditions  lor  Machining  Udtmet  TOO. 

As  Cast  102  BHN 

Recommended  Cond-ttona  lot  Macmmng  Inconel  7 IS. 

As  Cast  2t>9  BHN 

Recommended  Conditions  lor  Machining  Creek  Ascoloy. 
Quenchei  and  Tempered  152  BHN 
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I  1ST  OF  TAPLFS  (continued) 
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TiMf 

XVII 

Surface  Roughness  Frodiced  bv  Face  Milling  HP  9*4-45 
Martrmpered  51  Rc 

229 

> 

« 

XVUI 

Surface  Roughness  Produced  bv  Face  Milling  HP  9*4*45 
Martemoered  51  Rc 

230 

XIX 

Surface  Roughness  Produced  bv  Surface  Grinding 

HP  9-4-45  Martempered  49  Rc 

231 

B 

« 

XX 

Surface  Roughness  Produced  by  Face  Milling  Titanium 
t>Al -  4V  Beta  Rolled.  322  BHN 

243 

XXI 

Surface  Roughness  Produced  by  Face  Milting  Titanium 
bAl -4V  Beta  Rolled.  322  BHN 

244 

) 

f 

xxn 

Surface  Roughness  Produced  bv  Surface  Grinding 

Titanium  (A1-4V  Beta  Rolled.  322  BHN 

245 

XXCI 

Surtace  Roughness  Produced  hy  Face  Milling  Titanium 
(Al*2Sn*4Zr*2Mo.  Annealed.  321  BHN 

257 

XXIV 

Surface  Roughness  Produced  by  Face  MtUmr  Titanium 
6Al*2Sn-4Zr*2Mo,  Annealed.  321  BHN 

2>e 

I 

• 

1 

xxv 

Surface  Roughness  Produced  by  Surface  Grinding 

Titanium  (Al*2Sn»4Zr*2Mo.  321  BHN 

259 

XX\*I 

Surface  Roughness  Produced  by  Face  Milling  Inconel  425. 
Annealed.  200  BHN 

271 

1 

f 

xxvu 

Surface  Roughness  Produced  by  Face  Milling  Inconel  (25. 
Annealed.  200  BHN 

272 

XXV  HI 

Surface  Roughness  Produced  by  Surface  Grinding 

Inconel  (25.  Annealed.  200  BHN 

271 

XXIX 

Surtace  Finish  Measurements  la  Face  Milting 

2B1 

> 

t 

XXX 

Surface  Finish  Measurements  la  Peripheral  Ead  Milling 

213 

XXX) 

Surface  Fialeh  Measurements  In  End  Mill  Slotting 

2S( 
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N»"w  ('ommeruil  alloy*  are  con!  "Ming  to  be  develupvd  m  or •irr  to  m»*t  *he 
df  «:<i  rrq  iirfntnti  cf  advanced  iffuiinv  t  t»h  ties.  Cone  jr rent! *.  .t  i • 
necfiMfy  to  develop  machining  know-how  for  thea*  new  allova  1*1  order  to 
meet  the  production  requirement*  of  the  aeroapace  industry.  It  ■*  impera- 
tive  that  the  data  be  developed  with  enough  lead-time  to  avoid  duplication  of 
etlort  on  the  part  of  prime  contractor*  and  their  marry  subcontractor*  who 
are  retoonmble  for  machining  theae  new  material*.  Many  of  the  newer 
alloya.  including  caat  titanium  and  nickel  bate  alloy*,  are  becoming  more 
and  more  difficult  to  machine.  Conae^uently.  every  effort  mint  be  made  to 
develop  optimum  condition*  for  commercial  production  condition*. 
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i  > 
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Reduction  in  machmabtlity  haa  a  direct  impact  on  the  number  of  machine 
ten  It  and  general  plant  facilities  required  aa  wall  a*  labor  requirement* 
and  cotta.  In  view  of  the  long  machine  tool  delivery  tchedule*  aa  well  a* 
the  general  lack  of  machine  tool*,  auch  aa  profiler*,  concerted  effort  must 
continually  be  made  to  isolate  the  best  technique*  for  mater.al  -emoval. 

The  me  resting  application  of  N/C  machine  tools,  including  th#  potential  of 
dtreci  computer  control  of  banks  of  N/C  machines,  dictates  the  need  for 
readily  available  tool  life  data  for  the  programmers  In  addition,  the 
time  utilisation  of  N/C  machine*  which  repreaents  high  capital  .nvestment 
could  be  increased. 

In  keeping  pace  with  the  aforement toned  requirements,  th*  Air  Fore* 
Materials  Laboratory  at  Wright*  Potter  eon  Air  Tore*  Baa*  haa  sponsored 
this  program.  The  MMP  project  covered  By  this  report  is  concerned 
primarily  with  th*  conventional  machining  of  these  matensle.  Its  purpose 
and  objective  has  been  to  develop  machining  data  and  rela'ed  information 
for  direct  utilisation  by  the  aerospace  industry  oa  selected  new  materials 
and  machining  processes  for  which  data  had  not  boon  available.  Further, 
the  data  so  developed  had  to  be  of  such  quality  that  the  various  contractors 
of  th*  aerospace  industry  would  not  find  it  necessary  to  requalify  nor 
duplicate  th*  data  real.aed  from  thoeo  machtaahtlltv  studies. 
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All  of  the  t  ir  rv.  r£  t«-*?a  dele  r  ibed  ir.  th;  *  r»  ty  r  *.  were  c  T-.d  ji  !«•  -*  o'!  4 
LelVand  Heavy  Duty  1  ithe,  lb  in.  bv  M  ;i  .  equipped  w.th  •  10  -3. 
variable  areed  drive,  illustrated  in  F.gur*  1.  oii*  r.  The  sot.-::*  rpn 
could  be  varied  to  maintain  '.S*  required  cutting  s peed  tor  arv  w or«- 
p.e^e  d.ameter,  H.gh  speed  steel  and  carb.de  tod*  were  u«ed  n  the 
turning  teat*.  The  turning  vest  bar#  were  >  in.  to  4  in.  m  don'«*i,r 
bv  12  in.  to  IS  m.  long.  A  akin  cut  jf  Ob')  to  .  ICO  10  depth  was 
taken  on  ea^h  teat  bar  prior  to  making  a  torn.ng  teat  to  fern  ve  arv 
surface  effects.  Tool*  with  throwaway  inaerta  were  uaed. 

The  nomenclature  for  the  *;ngle-point  lathe  toola  it  .  icwrt  ir 
Appendix  I.  page  2d). 

2.  2  Face  Milling 

The  face  milling  teat*  were  performed  on  a  Cincinnati  No.  3  Horizon¬ 
tal  D.al  Tvpe  Milling  Machine,  a  Cincinnati  No.  2  Vertical  D.ai  Tvpe 
Milling  Machine,  and  a  Cincinnati  Cinova  SO  Vertical  Milling  Machine 
Theae  machine*  are  shown  in  Figures  2,  3  and  4,  pag»a  7,  S  »  d  *. 
Single  and  multiple  -  tooth  high  speed  steel  and  carb'de  cutter*  were 
used  in  face  milling.  The  setup*  u*ed  are  shown  in  Figure  5.  page  10. 

The  milling  te*t  bar*  were  clamped  in  position  on  th*  milling  machine 
using  a  »p«cially-de*igned  fixture  to  ineure  maximum  rigidity.  All 
teat  bar*  were  2  in.  thiefc  ’  4  in.  wide  by  H  »n.  long.  In  mo*t  te*t*. 

th*  2  in.  *iue  wa •  milled;  thu*.  the  width  of  cut  wa*  2  in.  A  clean-up 
machining  cut  of  .  050  to  .  100  in.  depth  wa*  made  on  all  aide*  to 
remove  any  aurface  effect*  on  the  teat  bar. 

Tool  geometry,  tool  material,  cutting  apeed.  and  feed  were  evaluated 
uting  a  4  in.  diameter  *ingle-tooth  HSS  or  carbide  cutter.  The  HSS 
multiple -tooth  cutter  wa*  also  4  in.  diameter  with  14  teeth,  while  the 
carbide  multi  pie -tooth  cu'.ter  had  *ix  inaerta. 

The  u.menclature  for  a  typ’cal  face  milling  cutter  ia  ahown  in 
Appendix  12.  page  290. 

2.  3  Peripheral  End  Milling  and  End  Mill  Slotting 

The  end  milling  teata  were  mada  on  th*  Cincinnati  No.  2  Dial  Type 
Vertical  Milling  Mtchire  and  th*  Cincinnati  Cinova  SO  Vertical 


<§> 

ft 

& 

ft 


ft 


ft 


ft  • 


ft 


ft 


ft 


ft 


ft 


2 


i 


1  i  r  •  ♦  •  r  r  a \  I'f  M .  1  i  i  ig  *  -id  F-.-f  M  ii  Si r)**. *>£  < f  ont * n-i*') ) 

M  .’I :  rg  M 4<  h i r>»  »h?wn  in  Fi  Sir-*  1  and  4.  p*g-»  H  a  r-d  7'  •  t*tt 
l»r  vtn  i;»mp<»d  in  an  8  in.  hn vnr - duty  »i»*  a?*arh*d  to  t.'.r  miil.ng 
nmlire  uMt.  Straight  »hnn«  rr>d  rriila  w*r*  u«*d  and  h»id  in  th# 
marhm*  with  an  adaptor. 

Thr  tr*t  bars  *»r»  2  in.  by  4  in.  by  1  in.  tong.  All  h»at  tr*at»d  bara 
»f  r>  firat  face  milled  to  a  depth  of  .050  *o  .  100  in.  to  ramonr*  any 
surface  effect*  on  tha  bara. 

B  >th  and  millirg  artupa  ara  ahown  in  Figure  6.  pa g*  11.  Tool  lift  it 
rxprMird  in  inches  work  travel  to  obtain  tha  specified  wearland  on 
tha  *ool. 

High  apaad  ataai  ard  carbida  and  milling  cuttara  wara  uaad  in  pariph* 
aral  and  milling.  Only  high  apaad  ataat  cuttara  wara  used  in  slotting. 
Tha  cuttara  wara  I  in.  'or  panpharal  ard  milling  and  1/4  in.  diamatar 
for  slotting. 

Tha  nomanclatura  for  and  nulls  ia  illuatratad  in  Appendix  HI.  paga  291. 

•  Dr  ill  ;ng 

Tha  drilling  taata  war*  performed  on  a  Bickford  24  in.  Heavy-Duty 
Box  Column  Drill  Praaa  and  a  Cincinnati  lb  in.  Sliding  Haad  Box 
Column  Drilling  Machine.  Both  machinaa  war*  equipped  with  con- 
tinuoualy  variable  apaad  driaea  to  produce  any  daairad  apindla  apaad 
in  tha  apaad  ranga  of  220  to  4500  rpm.  An  additional  variable  apaad 
unit  waa  uaad  to  driva  tha  faad  mechanism.  making  available  feeds 
ranging  from  0.0001  in.  /rev.  to  0.  015  in.  /rtv.  Thia  equipment  ia 
illuatratad  in  Figura  7,  paga  12.  Tha  drilling  taal  samples  wara  1/2 
tn.  thick  plataa  cut  from  tha  2  in.  by  4  in.  milling  bar  atock.  A  face 
milling  cut  of  0.  OfcO  in.  waa  mad  a  on  both  tecta  of  aach  plata  to 
ramova  any  attrteca  affacta  and  providt  a  amooth  aurfaca  for  drilling. 

Moat  of  tho  drilling  taata  wara  par  for  mad  using  1/4  in.  dtemotar  high 
apaad  ataai  drilla.  Soma  taata  wara  parformad  with  amallar  aisa 
drills.  Drills  mads  from  aavarnl  typos  of  high  apaad  ataala  wara  naad. 
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TSa  drill  nomanclatura  for  atandard  point  and  crankshaft  point  grind 
is  illuatratad  ia  Appenduc  TV.  paga  292, 
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*  ill'.- 

7ve  ( !  .  14  ;  r  *Jk  t 1  J  *1  n.  5  i  i'i ;  n  g  Head  P.  ■>  x  '  1  .'M  Df  ■  1 .  t  g  Mk  h  i  ■  -  »w  -. 

to  Fig  it*  ' .  page  12.  *>•  Ail)  ii'd  1'T  *~.e  r»a-"  -f  '»»*•.  T  • 

reaming  !f i!  »amp!e»  *f ff  the  1/2  m.  th.-  *  t^af  -.ad  been  .»*d 

m  the  drilling  ?e*t*. 

Mott  of  the  fftnirj  te*:t  were  condutted  w;*n  letter  1  (.272  in.  '  *  l 
t  ix  •  flute  high  speed  *teel  ream*  r  * .  F''ur  •  Mate  nfS  d»  r'lmffi  w*r» 
u»»d  on  several  »f  the  metal*  rea-ned.  R  ht»  r  a.«e«  were  -,s»d  •  » 

■  ■bta.n  7C  r-er>.ent  threads. 

The  nome  nt  Itttire  for  the  reamer*  is  ii'tn  in  Appervin  V.  page 
2,  n  T*rr'*a 

The  Biceford  24  in.  Drill  i  rea a  *hown  in  Figure  ?.  page  12.  »ia  used 
for  the  tapping  tecta.  The  tapping  *eat  sample*  were  t  >2  ,n.  th  t  • 
plate*  with  the  previously  reamed  hole*.  The  tapning  te*ta  were  r  it  w.*n 
$/lt>-24  NF  tap*  made  from  several  high  *peed  *teel». 

Tap  nomenclature  i*  indwated  bv  Arpend.x  VI.  page  21 4. 
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2. 7  f.r  H.ng 

A  Norton  P  in.  by  24  in.  Hydraulic  Surface  Grinder  equipped  w.th  a 
2  hp.  variable  apeed  aptndle  drive  wa a  uaed  for  tl  »  grinding  teat*. 

Thu  grinder  i*  shown  in  F.gur*  8,  page  11.  and  the  t**t  letup  i*  tnt-wn 

in  Figure  9.  page  14.  A  fixture  wa*  u**d  to  hold  the  t*»t  *pec  imen*  •  * 

which  were  1  in.  by  2  in.  by  k  in.  long.  Thi*  fixture  wa*  alotted  at 
both  enda  and  in  the  center  ao  that  apecimen  thickness  measurement* 
could  be  made  without  removing  the  specimen  or  fixture  from  the 

machine.  The  effects  of  grinding  conditions  on  grinding  ratio  (G  ratio)  ( 

were  evaluated. 

»  < 

Th*  grinding  ratio  (G  ratio)  is  •  measure  of  grinding  wheel  life, 
analogous  to  tool  life  in  other  machining  operations,  and  ta  defined  aa- 

C  a  Volmn*  Metal  Removed 
Volume  Wherl  Removed 

I  « 

A  wheel  ata*  of  10  in.  by  1  ta.  by  I  in.  was  uaed  for  all  testa.  . 

The  following  procedure  was  uaed  for  grinding  teste.  Before  th* 
grinding  tests  were  started,  a  .039  m.  deep  by  1/2  in.  wide  step  wa* 
drtastd  in  th*  grinding  wheal,  sea  Figure  9.  page  14.  This  step  was 
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r  r  •.  (  r>i*i  load) 

a  «*d  a  •  a  in  m*aair  i  ng  *S*#I  *#»r.  A  0.  Or.  0  i  in.  da!  ;  ndi  • 

tifar  m<»ur.;*d  <>n  a  fmtura  attar  had  ‘o  tb»  whaal  r.<*ja.’*g  «n  brought 
m  t  onUi  t  with  thi  •  »t»p  »r«1  tha  ir>'i.  ,i*or  vat  tat  to  if  a  ad  *»  *o.  The 

indicator  *>•  than  moead  to  the  upper  ttep  or  {rinding  iirttc*  of  the 
wheal  and  the  initial  reading  war  t»»*n.  Indicator  reading#  war*  ta»en 
altar  0.  ’2S  in.  or  aftar  .  0V3  in.  dapth  maul  rarr.oaad.  The  dif.'araoce 
b*tw*en  the  initial  indicator  reading  and  *>icc*##t»e  reading*  at  *  a 
r»'*4*ur*  of  tha  radial  whaal  *»»r.  Tha  initial  out* id*  diamatar  of  tho 
whaa!  ail  accurately  measured  bafor*  *ach  taat  with  a  aarniar  caliper. 
Tha  volume  of  whaal  ramovad  wit  calculated  from  initial  and  final 
whaal  diameter*.  Grinding  ratio#  waia  calculated  c or reapondi ng  to 
a  0.  3  c  ibic  inch  atock  ramoval. 


2.  8  Cutting  Tool  Nomenclature 

High  apaad  ataal  and  carbida  cutting  tool*  ware  uaad  for  thia  program. 
In  ganaral,  tha  commercial  deairnation  for  that#  matariale  ta  uaad 
throughout  thia  raport.  An  identification  of  thee#  cutting  *ool  material# 
•  a  praaantad  in  Appendices  VII  and  VIII.  peg*#  2^5  and  2ft>.  A  hard- 
naaa  convaraion  chart  i«  ahown  in  Append. .«  IX.  paga  2  *7. 
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Cad  milling  uitt  were  ptrformttf  on  a  Cincinnati  No.  2  Vortical 
Dial  Typo  Milling  Machine.  A  •pray  mt«t  cutting  fluid  applicator 
ia  shown  on  the  machine,  A  rotary  teal  it  ahown  attached  to  the 
top  of  a  hollow  draw  bar  for  applying  apray  miat  or  cutting  fluid 
through  a  hole  along  the  aaia  of  the  rotating  cutler. 


-  •  - 


3 re  Test,  page  l 


figure  J 


Flc*  UilUng  and  End  Milling  tacta  vara  parfarntad  on  a  Cincinnati 
Clao*a  10  Vortical  Milling  Machine,  TKia  macfe.na  ia  aquippad  v»Ui 
•  aarlabla  apaad  drtao  to  proatda  aiact  cutting  ap»*da. 


.  t  - 


tost,  m*  2 


Ftfara  4 


•  < 

<*> 


Drilling  teats  wart  performed  on  a  Bickford  24"  Heavy- Duty  Bos  Colun.n  >  « 

Drill  (right)  ind  i  Cincinnati  14"  Boa  Co  luma  Drilling  Machine. 

Belli  ma china t  art  equipped  till  continuously  nrUbl*  speed  drive  units 
la  proridt  exact  cutting  speeds. 


»  I 

Sat  test,  paga  )  .  12  .  Ptgure  T 


» 


Surface  Grinding  Miti  were  performed  on  i  Norton  •"  ■  24**  HydruUt 
Surface  Grinder  equipped  eltk  a  continuously  variable  apeed  drive.  Grinding 
•peed*  ranging  from  *000  to  7500  eurface  feel  per  minute  can  be  obUined. 


last,  page  4 
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j.  mac  r!.THA  t zcv  " r p f: v< ^ tm  srr.r.'s 


HP  9-4-4S  Steel.  V 'r>n»!i*#A 


Alloy  HfM;fic»;!nn 

HP  9.4.4s  ia  a  niche] 'cobalt,  high  etrength.  hardcnable  ateel  which 
ia  capable  of  yield  atrengtha  up  to  2V3  hat  and  exhibits  good  toughaeaa 
characteristic*.  The  nominal  compoattioa  of  thia  material  ta  aa 
follow*: 


Fa-9Ni-4Co..4SC-.  JCr*.  5Mo 

Forged,  normalised  2  »n.  by  §  in.  rectangular  bare  wart  procured 
for  the  milling  teata.  The  normalising  treatment  performed  at  the 
mill  waa  aa  followa: 

UliT/Z  houra/*ir  cool 

The  as'received  hardnee*  of  the  material  waa  )02*541  BHN.  The 
normalising  treatment  produced  a  microatrocture  which  ia  eeaemially 
apheroidal.  Thta  condition  ia  Uluatrated  below. 


HP  4*4*45,  Normalised 
Ctchant:  Kalling'a 


Mag.:  1000X 
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Tve  t.>oi  li'*  r*»ul!*  »-.-«■  similar  w;*S  b-j; h  the  M ’  t  -vf  M42  J-'SS 
•  hen  turning  the  HP  *  1-4$  ateel  it  the  nor. —.a  1  >.  * «  -i  .  •;nrS,?:r>*«;  *e» 
F.gure  10,  puge  02.  A?  a  cutting  iprH  of  *5  f*»t  m.fitt,  the  t-v  : 
life  with  either  of  these  two  type*  ot  hi,  t  apeed  ateei  <u  44 

T^’i  life  curve*  wih  three  different  grade*  of  carb.'V*  are  ahown  m 
Fig-re  11.  pane  22.  There  *«a  a  wide  range  of  •  .t*ing  speeds  oj*t 
whivt-  the  three  grain*  of  carbide*  runl!  be  ned.  F  >r  e»amp>.  »*  a 
tool  life  of  3  0  nt . r.vj*e t ,  the  C -  b  g r aoe  of  » rb: d*  wool  *  ha  ve  to  be  iii"f 
at  a  tutting  speed  of  3$J  tret  •  minute,  wn.le  the  titanium  carbide  ct.!  J 
be  u*e  d  at  a  c  u  1 1  mg  a  peed  of  (■*>  0  feet  f  minute.  The  tutting  a  peed  with 
the  C-2  grade,  which  performed  the  pooreat,  would  be  leaa  than  210 
feet/minute. 


The  surface  found  on  the  HP  4-4-4$  ateel  aa  a  reault  of  normalising 
was  appreciably  mere  d if f  ult  to  machine  that n  the  base  metal.  Note 
in  Figure  12.  page  23,  that  at  a  cutting  speed  of  350  feet/  inn  ute  the 
tool  life  under  the  akin  with  the  C-  o  grade  of  carbide  was  40  minute* 
as  compared  to  six  rr.inutra  when  machining  the  skm. 


Fate  Milling  (302  1-HN) 

Tool  life  curves  with  three  different  grades  of  high  apeed  ateel  are 
ahown  in  Figure  13,  page  23.  Note  that  in  the  lower  cuttit.g  apeed 
range  the  M2  HSS  cutter  performed  the  best.  There  was  s  tendency 
for  the  T15  and  M42  HSS  cutteis  to  chip. 

For  s  given  cutter  life,  tne  cutting  speed  at  s  feed  of  .  00$  in.  /tooth 
was  almost  2$  oercent  faster  than  that  at  a  feed  of  .  010  in.  /tooth,  sec 
Figure  14,  page  24.  This  is  an  important  factor  since  with  a  multiple- 
tooth  cutter  generally  the  feed  has  to  be  reduced  over  that  ueed  with  a 
Single-tooth  cutter.  However,  even  at  a  feed  of  .  00$  in.  /tooth,  the 
cutter  life  wuh  a  multi  pie -tooth  cutter  waa  very  abort  over  a  range  of 
cutting  speeds;  ses  Figure  IS.  page  24. 

As  shown  in  Figure  16,  page  25,  by  further  reducing  the  feed  to  .  001 
in.  /tooth,  the  life  of  the  14-tooth  cutter  increase!  from  20  to  72  inches 
ol  work  travel  per  tooth.  In  other  words,  at  a  feed  of  .  005  in.  /tooth 
and  a  cutting  speed  of  160  feet/minute,  the  tout  tool  life  of  the  14-tooth 
cutter  was  slightly  more  than  1,000  inches  of  work  travel. 
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Hovrvtr.  a*  hat  hern  loiod  betore.  the  iced  rate  ►ad  to  be  reduced 
•  htn  a  multi  ole  •  tooth  c  itter  >t •  used.  Tool  life  cirv»#  are  presented 
in  Figute  It.  page  2r>.  I nt  a  single  tooth  and  a  ai*-to«>th  c  .»ter  at  a 
{pad  of  OOS  in.  /tooth.  Th*  c.itt**r  l.fe  par  tooth  was  rediced  from 
90  to  75  inches  of  wor*  travel  m  going  from  the  aingle*tooth  to  the 
a  ia- tooth  cutter.  Hoes^rr  the  aim-tooth  cutter  did  provide  a  total 
tool  life  of  4SQ  inchea  of  work  travel. 

Per  pheral  Fnd  Milling  002  MINI 


Tool  life  curve#  over  a  range  of  cutting  a peed •  are  preaented  in 
Figure  20.  page  2’.  for  two  different  feed  ratea.  Note  that  at  a  tool 
life  of  I2S  inchea  of  work  travel,  the  cutting  speed  at  tne  lighter  feed 
waa  almost  20  percent  greater  than  that  at  tha  feed  of  .  004  in.  /tooth. 

The  effect  of  feed  rate  on  cotter  life  it  further  demonstrated  in 
Figure  21,  page  2?.  At  a  cutting  speed  of  22S  feet/minute,  the  tool 
life  decreased  from  210  to  127  inchea  of  work  travel  when  the  teed 
rate  waa  increased  from  .  001  to  .  004  in.  /tooth. 

End  Mill  Slotting  002  BHNl 


The  tool  life  curves  shewn  in  Figure  22.  page  21.  were  obtained  at 
two  different  feed  rate*.  1:  i«  immediately  apparent  that  the  higher 
feed  rate  la  much  more  desirable.  Not  only  .s  the  feed  rete  twice  as 
grtat.  but  the  cutting  speeds  are  appreciably  higher  at  the  lead  rate 
of  .002  in.  / tooth. 


The  feed  curve  shewn  in  Figure  2J.  page  21,  irdicates  hew  critical 
the  feed  ta  when  end  mill  slotting  at  a  cutting  speed  of  ISO  feet/ minute. 
Tor  example,  at  a  feed  rate  of  .  Oh?  m.  /tooth,  the  tool  Ufa  wea  230 
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iM.re***d  ^3  pftif-t.  rh#  tuol  In*  w*a  red  )3  p»rcfit. 
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A*  •'■own  in  F-gure  *1.  page  «3,  *t  a  tatting  of  70 

wl-,»r»  t**e  drill  life  »*•  ir*«t»r  than  2K)  huie*  iirj  a  •  hymnal 
•"-iliK'n  >  uttmR  fla.d.  ?k.e  drill  live*  with  twe  Ml  »  *yl  Ml  2  1 1  S3  d  r  . ,  1  • 
were  *.''e  UM'f.  A*  the  c  j'tmj  *p*ed  «i •  m<  r****>d.  »ke  drill  l,fe 
with  tb*  Ml  HSS  drill*  Jnr»n»  'inih  more  rarndlv  than  with  th*  M42 
KSS  drill*.  H  )*rvrr,  when  a  chlorinated  oil  wa*  a»ed,  the  cutting 
•  peed*  with  both  drill*  were  appreciably  le**  and  the  Ml  MSS  dr. 11* 
were  •virenor  to  the  M42  HSS  drill*.  *ee  F-cure  2S.  page  20.  for 
example  at  a  rotting  *peed  of  SO  feet/minute  the  drill  life  with  the 
Ml  HSS  drill*  wa*  more  than  250  hole*  a*  compared  to  le**  than  100 
with  the  M42  HSS  drill*.  At  higher  *peed*  above  tS  feet/minute,  the 
two  different  grade*  of  HSS  drill*  performed  ••milarly. 

It  i*  intereating  to  note  the  effect  of  catting  fluid  on  tool  life  for  both 
the  MI  *nd  the  M42  HSS  drill*  a*  *hown  in  Figure*  2o  and  27.  page 
JO.  l*tmg  the  Ml  HSS  drill*,  th*  cutting  speed  for  a  tool  life  o»*  2SJ 
hole*  wa*  40  percent  faster  when  using  th*  chemical  emulsion  a* 
compared  to  using  the  chlorinated  oil.  When  using  the  M42  HSS  drills, 
th*  drill  life  was  satisfactory  with  th*  chemical  emulsion,  however, 
th*  drill  lif*  dropped  radically  when  a  chlorinated  oil  was  used.  For 
example,  over  250  holes  were  drilled  at  a  cutting  speed  of  70  feet  per 
minute  with  th*  chemical  emulsion.  Using  the  chlorinated  oil,  th* 
drill  life  was  only  SO  holes. 

Reaming  {>02  BHNJ 

A  comparison  of  the  tool  lift  cure**  obtained  with  two  different  cutting 
fluids  in  reaming  with  an  M2  HSS  fix- flute  reamer  ia  shown  in  Figure 
28.  page  SI.  Not*  that  the  chemical  emulatonwaa  much  more  effective 
than  the  chlorinated  oil.  For  example,  at  a  cutting  speed  of  125  f«*t 
per  minute,  th*  tool  lif*  with  the  chemical  emulsion  was  Vi  holes  as 
compared  to  35  hole*  with  th*  chlorinated  oil. 
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HP  ‘t-s-gc  St*eJ.  Normalised  (<on?i*i..edl 


A*  ihown  in  Figure  21.  page  31.  the  three-flute  Up  provided  cons.d* 
erably  longer  Up  life  than  the  two-flute  tap.  At  a  cutting  speed  of 
200  feet /minute,  the  tap  life  era*  33  holes  with  the  two-flute  tap  and 
213  holes  with  the  three-flute  tap.  The  cutting  speed  of  200  feet/rmaute 
was  the  maximum  available  on  the  machine. 


The  chlorinated  oil  was  more  effective  titan  the  chemical  emulsion  in 
tapping.  Note  in  Figure  30.  page  32,  that  at  a  cutting  speed  of  200 
feet /minute,  the  tap  life  with  tne  chemical  emulsion  was  SO  holes  as 
compared  to  2 IS  holes  with  the  chlorinated  oil. 
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4MLNM HO  CONDITIONS  TOR  MACHINING 
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RECOMMENDED  CONDI  I  IONS  I  OR  MACHINING 
HP  9-4-44  STEEL.  NOI-  MAM/ED  U I  BUN 
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J.  2  HP  9-4-4 5  M<rt»r'p«r»d 

AHoy  IHentifir  «tiuw 

HP  9-4-45  ia  •  nickel-cobalt.  h.gh  atrength,  bardenabla  at#*!  which 
ia  capable  of  yield  atrengtha  up  to  250  kal  and  e*hib»ta  good  tough* 
Mai  character! atica.  The  nominal  compoaition  of  thta  material  ia 
aa  follow  a: 

FE-9Ni-4Co-.45C-.  JCr*.  )Mo 


The  iiterial  for  the  turning  teata  «ai  procured  aa  forged,  aormaiiaed 
4  ia.  diameter  bare.  Forged  rectangular  Sara  2  in.  by  4  in. ,  alao 
in  the  normaliaed  condition,  were  procured  for  the  grinding  teata. 

A11  of  the  material  waa  then  aubjected  to  the  following  hardening 
heat  treatment: 

Auetenitise:  1475*F/lhour 

laothermal  Temper:  Tranafcr  to  furnace  at  475* F/7  hour  a/ 

air  coot 

The  reaulting  hardneaa  waa  51  Hc.  Thie  treatment  produced  a 
rnicroafcructure,  ahown  below,  which  ronaiata  of  bainite  and  maria naita. 


HP  9-4-45,  Martemperad 

Etchant:  Xaliing'a  Mag.:  1000X 
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HP  S*«~ri.  M.uii-nirnTr'i  (v  or’ i r.u*d) 

Turning  ( 1  R,  ) 

A  comparison  of  tool  life  cur\e»  obtained  with  two  grades  of  high  speed 
steel  is  shown  in  Figure  31,  page  37.  At  cutting  speeds  above  62 
fect/rmnute,  there  was  very  little  difference  between  the  performances 
of  the  M2  and  M42  HSS  tools.  However,  at  a  cutting  speed  of  "0  feet 
per  minute,  the  tool  life  with  the  M2  HSS  tool  was  49  minutes  as 
compared  to  84  minutes  plus  with  the  M42  HSS  tool. 

As  shown  in  F.gurc  32,  page  37,  the  harder  C-8  grade  of  carbide  was 
appreciably  better  than  the  C-b  grade.  For  example,  for  a  tool  life 
of  20  minutes,  the  cutting  speed  with  the  C-6  grade  was  200  feet/minute 
as  compared  to  305  feet/minute  with  the  C-8  grade  of  carbide.  Note 
that  the  feed  was  .007  in.  /rev.  However,  as  shown  in  Figure  page 
38,  increasing  the  feed  from  .  007  to  .  010  in.  /rev,  with  the  C-S  grade 
of  carbine  resulted  m  decreasing  the  tool  life  from  24  minutes  to 
9  minutes.  However,  the  same  tool  life  (24  minutes)  can  be  obtained 
at  the  higher  f**ed  if  the  cutting  speed  is  reduced  about  16  percent.  In 
other  words,  when  turning  the  HP  9*4-45  steel,  quenched  and 
tempered  to  a  hardness  of  51  Re,  a  heavier  feed  of  .  010  in.  /rev.  will 
provide  the  same  tool  life  as  a  f**ed  of  .  007  m.  /rev.  if  .h*  cutting 
speed  is  reduced  about  15  to  20  percent.  Thu s .  a  higher  rate  of 
metal  removal  can  be  obtained  by  using  the  heavier  feed  rate  and 
slightly  lower  cutting  speed. 

Surface  Grinding  (51  Rc) 

The  effect  of  wheel  speed  on  grinding  ratio  (C  *tio)  is  shown  m 
Figure  14,  page  38.  Note  that  the  grinding  rat.  >  increased  from  5  to 
36  at  the  wheel  speed  was  increased  from  2000  to  6003  feet/minute. 

As  shown  in  Figure  33,  page  39,  increasing  the  cross  feed  resulted 
in  a  decrease  in  the  G  ratio.  At  a  cross  ieed  of  .  050  in.  /pass,  the 
grinding  ratio  was  9.  6  at  compared  to  4.  8  at  a  cross  feed  of  .  100 
in.  /pass. 

Increasing  the  table  speed  also  resulted  in  a  marked  decrease  m  the 
G  ratio,  see  Figure  36,  page  39.  For  example,  as  the  taHe  speed 
was  increased  from  40  to  60  feet/minute,  the  grinding  ratio  decreased 
from  36  to  9. 

The  grinding  ratio  decreased  markedly  when  the  oown  feed  was 
tnrreaeed  as  shown  in  Figure  37,  page  40.  Doubling  the  down  fee* 


*  « 


-  34  - 


I 


I 

5.  2  til*  '>-4-4^  S*re  1,  Ma  rte  rap-red  (continued) 

Surface  Grinding  (51  Rc)  (continued) 

{.  001  to  .  002  in.  /pass)  resulted  in  decreasing  the  G  ratio  from  45 

to  36.  Doubling  the  down  feed  again  to  .  004  in.  /pass  further 

decreased  the  G  ratio  to  9.  ® 
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RECOMMENDED  CONDITIONS  FOR  MACHINING 
up  0-4-45  STEEL.  MARTEMPEREQ  51  Rc 
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Cast  18*  N'irkcl  Mara^ing  S*!-*-1.,  Sedition  Treated 


I 


Alloy  Identification 

18*  nickel  maraginij  steel  can  be  categorized  as  «in  ultra  high  strength 
steel  which  can  develop  yield  strengths  of  200  to  340  ksi.  This  i.i 
accomplished  by  an  aging  treatment  which  strengthens  the  prior 
annealed  martensitic  structure. 


•  4 
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The  nominal  composition  of  the  cast  alloy  is  as  follows: 

Fe-  l&Ni-  10Co-4.  tMo-.  3Ti-.  01C 

The  material  for  the  turning  tests  was  procured  as  cast  logs,  approxi*  ^ 

mately  4  in.  in  diameter.  Caat  bars  2  in.  by  4  in.  were  procured 

for  the  milling  testa.  The  material  for  the  drilling  tests  was  obtained 

by  sectioning  1/2  in.  thick  plates  from  the  2"  by  4"  cast  bars.  All  of 

the  material  had  been  given  the  following  solution  annealing  treatment 

at  the  mill:  ^ 

1650*  F/l  hour /air  cool 
1450*F/1  hour /air  cool 

The  hardness  of  this  as-received  material  was  331  BHN.  In  the 
solution  annealrd  condition,  the  microstructwe  evidenced  below 
consists  of  coarse  equiaxed  martensite.  9 


Cast  18%  Nickel  Ms  raging  Steel.  Solution  Treated 
Etchant:  FeClj  Mag.:  S00X 
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3.  3  Ca«t  1»N  Nukrl  Mar£|^^  Stf^l,  Solution  Tr«-*t>H  (continued) 
Turing  (331  PUN) 

A  comparison  of  the  tool  life  curves  obvur.cd  with  an  M42  and  an  M2 
HSS  tool  is  shown  in  Figure  33,  page  4*.  Note  that  for  a  given  tool 
life,  the  M*2  HSS  tool  permitted  a  10  percent  increase  ;n  cutting 
speed  over  the  M2  if.SS  *ool.  It  is  also  interesting  to  note  that  at  a 
cutting  speed  of  85  feet/minute  the  tool  life  with  the  M2  HSS  tool  was 
30  minutes,  while  the  M42  tool  was  still  cutting  after  1 0  minxes. 

The  wearland  at  this  point  was  only  .010  m  on  the  M42  tool. 

Of  the  three  grades  of  carbide  used,  the  C-3  giade  proved  to  be 
superior  to  the  other  two;  see  Figure  3'),  page  46.  For  example,  at 
a  cutting  speed  of  420  feet/minute,  the  tool  life  with  the  C-6  tool  was 
5  minutes:  with  the  C-2,  9-1/2  minutes,  and  with  the  C-3  grade, 

36  minutes. 
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Face  Milling  (lit  BHN1 

As  shown  in  Figure  40.  page  47,  the  T15  HSS  tool  proved  to  be  slightly 
better  than  the  M2  tool  in  face  milling.  The  tool  life  with  the  M42 
tool  was,  however,  somewhat  less  than  either  ot  the  other  two  tools. 

At  a  cutt.ng  speed  of  210  feet/mmute,  the  tool  life  values  obtained  with 
the  three  tools  were  as  follows:  M42.  95.  M2.  120:  and  Tlo.  145 
inches  of  work  travel. 

The  effect  of  feed  rate  on  tool  life  with  both  the  M2  and  the  T15  HSS 
cutter*  appeared  to  be  ‘datively  low  over  the  range  of  feed  ratee  of 
,  903  U  .  COt  .a,  ,'lwih.  To*  a*  aiivwn  in  Figure  41,  page  47.  the  T15 
HSS  cutter  provided  the  a*me  tool  life  at  ,««*5  »n.  /tooth  f-ed  rate  a* 
it  did  at  a  feed  of  .  006  in.  /tooth.  With  the  M2  HSS  toot,  the  cutter 
life  dropped  from  145  inches  of  work  travel  at  a  feed  rate  of  .  003 
In.  /to**}*  to  122  inches  of  work  travel  at  a  feed  rate  of  .  005  in.  /tooth. 

As  shown  In  Figure  42,  page  42.  tha  cutter  life  obtained  with  the 
chlorinated  oil  was  almost  the  same  as  that  with  the  aoluble  oil.  Hence, 
a  soluble  oil  waa  used  in  the  teete  with  the  multiple* tooth  cutter.  A 
comparison  of  the  single-tooth  with  the  multiple-tooth  cutter,  shown 
-  m  Figure  43,  page  42.  indicate*  that  at  a  cutting  speed  ot  225  feet  per 
minute  the  tool  tile  per  tooth  with  ihe  single-tooth  cutter  was  almost 
double  that  obtained  with  the  multiple -tooth  cutter.  However,  the 
tout  tool  life  with  the  14 -tooth  cutter  was  560  inches  of  work  travel 
aa  compared  to  T2  inches  of  work  travel  with  the  tingle-tooth  cutter. 
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F.*«  «■  M it!; -i.;  (ill  HHN)  (•  onii-Mi- !) 

In  face  nulling  with  varbide  tools,  the  cutvr  life  do-  rr*««-  I  .  <o.  .v  with 
•m  reasej  feed  rate.  Note  m  Figure  44,  page  4n,  that  the  <  :*-rr  I. ft 
decreased  from  1^4  at  a  feca  rate  of  .00^  m.  /tooth  to  h5  .mries  of 
work  travel  at  a  feed  of  .  00"  n.  'tno*h. 

As  shown  m  Figure  45,  page  4"*,  a  cutter  having  negative  ;.»ke  angles 
provided  sl.’htlv  longer  tool  life  than  a  cutter  having  positive  r*  e 
angles  at  a  cutting  speed  of  500  feet/minute.  N^te  in  r  g*re  4-  oag. 

50.  the  C-2  grade  of  carbide  provided  appreciably  lunger  too!  jife  than 
the  C-b  grade.  For  exampi'.  at  a  cutting  speed  of  nOO  feet  "m.v-if-  . 
the  cutter  life  with  the  C-2  grade  was  l">4  as  comparer  to  120  i-.t  he*  of 
work  travel  with  the  C-b  grade  of  carbide. 

Cutter  life  was  appreciably  less  in  terms  of  inches  of  work  travel  per 
•oo*h  with  the  multiple -tooth  cutter  as  compared  with  a  single -tooth 
gutter  m  face  milling  the  rast  15“  nickel  maragmg  steel.  As  shown 
in  Figure  47,  page  50.  the  C-2  grade  provided  somewhat  he**er  tool 
life,  at  least  at  the  higher  cutting  speeds,  than  the  C-*>  grade*. 
However,  as  shown  in  Figure  45.  page  51,  the  cutter  |;:>  in  'rrmi  of 
inches  of  work  travel  per  tooth  wa a  considerably  leas  tor  the  *ix-*o.»th 
cure r  than  for  a  single-tooth  cutter  at  the  same  cutting  speed.  7a. ng 
a  cutting  fluid  aucli  aa  soluble  oil  resulted  in  improv.ng  the  tool  life  of 
the  multiple -tooth  cutter;  however,  the  cutter  life  was  atill  consider¬ 
ably  leaa  with  the  mulliple-tnoth  cutter,  tee  Figure  49.  page  51. 

Note  also  in  Figure  49  that  at  a  cutting  speed  of  500  teet/mmutr  the 
cutter  life  with  the  aix-tooth  cutter  was  JO  inches  of  work  travel  per 
tooth,  or  a  total  metal  removal  of  160  inches  of  work  travel.  This 
compares  to  194  inches  of  work  travel  for  the  single-tooth  cutt-r 
see  Figure  48.  The  only  advantage  then  tn  using  the  multiple- tooth 
cu.tr r  it  the  fact  that  the  meul  is  being  removed  eta  times  faster 
than  with  a  single -tooth  cutter. 

Peripheral  End  Milling  *1 1 1  BHN1 

The  relationship  between  cutting  speed  and  toot  life  with  a  i  in.  dia. , 
four-flute.  M2  HSS  end  mill  is  shown  tn  Figure  50.  pat,4  52,  Note 
that  at  a  cutting  speed  of  275  feet/mtnute.  a  toot  life  of  145  tin  he*  of 
work  travel  was  obtained. 

The  feed  rate  is  very  critical  when  peripheral  end  milling  the  cast 
Iftf*  nickel  maraging  steel.  Note  in  Figure  51.  page  52.  hew  rapidly 
the  tool  life  decreased  whvn  the  feed  rate  was  either  increased  or 
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r^r.phc  ral  Ft!  Milling  (311  JiliV)  (continued) 

'Ifcrfur'l  front  a  feed  rate  of  .  005  m.  /  tooth.  The  t  ool  life  d*^  tM  »ed 
from  at  a  feed  rate  of  .  OO1'  in.  /tooth  to  20  inches  of  wor<  travel  at 
a  feed  rate  ot  .  003n  in.  .  tooth  and  to  "2  me  ;'*•  of  work  travel  at  a 
fend  rate  of  .  007  in.  /tooth. 

Prilling  (3  1!  PHN) 

The  18%  nickel  maragmg  atm!  ;  r.  the  solution  treated  condition  tan  be 
drilled  without  dif'icultv.  .  n  5-  g  ire  ? 2 ,  page  5>3.  that  w^er  the 

drilling  teat  was  stopped  after  d-  '.'.ng  2  30  hole*  at  a  cutting  speed  >'i 
1  0  feet/minute,  the  wearlar.d  on  the  drill  waa  only  .  012  in. 
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3.  4  Cast  IP"**  Nickel  Maraging  Steel,  Aged 
Alloy  Identification 

The  turning  teats  were  perforrred  only  on  material  which  had  been 

maraged  after  the  eolution  anneal  treatment.  The  maraging  treat*  i 

ment  wii  as  follows: 


850*F/9  houra/air  cool 
It  resulted  in  a  hardness  of  49  Rc. 

The  microstructure  of  the  aged  grade,  which  is  illustrated  below, 
consists  of  coarse  platelets  of  martensite  strengthened  by  the 
formation  of  inter  me  tallies  of  Ni,  Mo  and  Fe  in  various  stoichiometric 
forms. 


Cast  11%  Nickel  Maraging  Steal.  Aged 
Etchant:  FeClj  Mag.:  SOOX 
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3 .  t  Cast  I »  "i  N  u  « i  I  Ma  r  i  g .  n g  r  <  ! ,  A  «-d 
Turning  (  ,  >  R  ( 

The  per  lurmari  e  of  the  M42  HSS  tool  was  considerably  b*”t*  r  than 
tha*  ot  the  M2  HSS  tool.  Note  in  Figure  53,  page  57,  that  for  a 
50-mmutc  tool  1.1c.  the  cutting  speed  with  the  M42  HSS  tool  was  about 
20  percent  fg 'iter  than  that  with  the  M2  HSS  tool. 

Figures  54  an.i  55.  page  57  and  5fi,  shew  a  comparison  of  me  tool 
life  curves  obtained  on  the  steel  :.i  two  heat  treated  ccr.d.tions  with 
an  M42  HSS  tool  and  carbide  tools.  With  the  HSS  tools,  the  steel  >n 
the  solution  treated  condition  (131  3HNI  could  be  machined  about  !»• 
percent  faster  than  the  same  steel  »n  the  aged  49  Rc  conduton.  mfute 
with  carbide  tools  the  cutting  speed  was  100  percent  faster.  Note 
also  that  a  tool  life  of  35  minutes  was  obtained  at  a  cutting  speed  of 
200  fcet/minute. 
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3.  5  Cap  17-4  PH  5tPnleta  St^el,  Solution  Treated  and  A ged 
Alloy  Ide ratification 

17-4  PH  ia  a  precipitation* hardening  martensitic  stainless  steel 
which  haa  been  attracted  to  the  casting  ind-iatry  because  of  ita 
deairable  capability  characteriatica.  The  alloy  which  haa  high 
strength  and  good  corroaion  resistance  haa  found  application  in  th* 
aircraft  industry.  The  nominal  composition  of  thia  material  ia  aa 
followe: 

Fe- 16.  OCr-4.  ONi-3.  OCu-.  75Si-.  3SMn-.  30b* Ta-.  03C 

The  material  for  the  milling  teata  waa  procured  aa  2  in.  by  4  in. 
rectangular  bars  in  the  aolutior.  treated  and  aged  condition.  The  heat 
treatment  performed  at  the  mill  waa  aa  follows: 

2100*F/90  min.  /air  cool;  1450*F/4  houra/air  cool; 
1950*F/90  min.  /oil  quench;  930*F/90  min.  /air  cool 

The  material  exhibited  a  hardness  of  415  BHN  in  thia  condition.  The 
microstructure  evidenced  below  conaiats  of  coarse,  equiaxed  mar* 
tensite  and  islands  of  delta  ferrite.  The  matrix  ia  strengthened  by 
the  precipitation  of  a  copper- rich  phase. 
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Cast  17-4  PH,  Solution  Treatad  and  Aged 
Etchant:  Ft  Cl  3  Mag.:  500X 
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r*'.f  Millirg  (4  1-  !»H\) 

Tool  lifr  curve*  for  rwo  different  grade*  cf  HSS  milling  cutters  are 
ihown  in  Figure  5b,  page  65.  Note  that  the  M 1 2  HSS  cut'er  provided 
only  a  slightly  longer  tool  life  than  the  M2  HSS  itter  over  the  range 
of  *peed*  used  Both  were  *  ingle- ‘ooth  cotter* 

The  effect  of  feed  on  cutter  life  is  shown  in  Figure  57,  page  >5.  Note 
that  even  though  the  cutter  life  at  the  heavier  feed  *aa  somewhat 
lower.  the  production  rate  was  higher  at  the  heavier  feed  rate  For 
example,  at  a  tool  life  of  9Q  inches  of  worn  trace!,  the  cutting  speed 
at  a  feed  of  .  005  m.  /tooth  was  100  feet  minute.  By  reducing  the 
cutting  speed  10  percent,  an  equivalent  tool  life  was  obtained  at  •-w.ee 
the  feed  or  .010  in.  /tooth.  However,  it  should  also  be  pointed  out  that 
when  using  multiple* tooth  cutters  it  is  usually  necessary  to  use  lerwer 
feeds  than  those  found  with  single-tooth  cutters 

In  Figure  58.  page  66,  a  comparison  it  made  between  a  single-tooth 
and  a  multiple -tooth  cutter  having  14  teeth  at  a  feed  of  .  005  in.  /tooth. 
Note  that  even  at  this  lower  feed  the  cutter  lite  per  tooth  at  a  cutting 
speed  of  100  feet/minute  decreased  from  with  a  single-tooth  cutter 
to  60  inches  of  work  travel  with  the  multiple-tooth  cutter.  However, 
at  this  tool  life  of  60  inches  of  work  travel  per  tooth,  the  14-tooth 
cutter  cut  a  total  of  840  inches  of  work  travel. 

The  effect  of  carbide  grade  on  tool  life  in  face  milling  the  casi  17-4  FH 
alloy  ia  shown  in  Figure  59,  page  66.  The  C-2  grade  proved  to  be  far 
•upenor  to  the  C-6  grade.  For  example,  at  a  cutting  speed  of  200 
feet/minute  with  a  single- tooth  cutter,  the  tool  life  with  the  C-2  grade 
was  240  inches  as  compared  to  25  inches  with  the  C-6  grade. 

The  results  shown  in  Figure  60,  page  67,  indicate  that  when  face 
milling  the  cast  17-4  PH  alloy  in  the  solution  treated  and  aged  condition 
with  carbide  cutters,  it  is  best  to  cut  dry.  Also,  as  shown  in  Figvre 
61,  wage  67,  the  carbide  cutter  should  have  negative  rake  angles.  The 
cutter  with  the  negative  axial  and  radial  rake  angles  provided  much 
longer  tool  life  than  the  cutter  with  the  positive  axial  and  radial  rake 
angles. 

Note  in  Figure  62,  page  68,  the  comparison  between  a  single-tooth 
and  a  multi  pie -tooth  cutter  based  on  tool  life  in  terms  of  work  travel 
per  tooth.  As  the  feed  rate  wse  increased,  the  difference  between  the 
single-tooth  and  the  multiple -tooth  cutter  increased  appreciably.  A 
comparison  ia  shown  ia  Figurs  63,  page  68,  between  a  single- tooth 
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Ca*'.  17-4  TH.  5'iluv.on  ard  Ag-d  (  ontmjcd) 


F ac>  Milling  ( 4  1  S  PHN)  (conn nurd)  £) 

cutter  at  a  feed  A  .010  in.  /tooth  and  a  m  alts  pie -tooth  (iix-tooth) 

cutter  at  a  feed  of  .007  in.  /tooth.  The  cutter  life  in  me  he  a  of  work 

travel  per  tooth  at  300  feet  rr. mute  with  the  multiple-tooth  cutter  waa  ^ 

somewhat  leaa,  even  though  the  feed  was  lower  than  with  the  amgle- 

tooth  cutter.  Nevertheless,  a*  this  cutting  speed,  tne  mult.ole-tooth 

cutter  cut  a  total  of  4*0  mch.es  of  work  travel. 


Peripheral  End  Milling  (4  1*  PHN) 


Tool  life  curvet  for  both  the  M2  and  t’-e  M42  HSS  eno  rmila  are  ahown 
:n  Figure  64.  page  69.  Note  that  for  a  tool  life  of  12o  inchea  of  work 
travel,  the  cutting  apeed  with  the  M42  HSS  cutter  waa  slightly  more 
than  25  percent  faster  than  with  the  M2  HSS  cutter. 


As  ahown  in  Figure  65,  page  69  the  magnitude  of  the  feed  rate  waa 
not  very  critical.  For  example,  at  a  cutting  apeed  of  150  feet/'minute, 
the  cutter  life  decreased  from  35  at  a  feed  of  .  002  m.  /tooth  to  t>0 
inches  of  work  travel  at  a  feed  of  ,  004  in.  /tooth.  Nevertheless,  a 
feed  of  .  003  m.  /tooth  waa  used  in  subsequent  testa,  since  it  was  felt 
that  a  feed  of  .  004  in.  /tooth  wouiu  result  in  excessive  deflection  of  the 
cutter. 


An  oil  base  cutting  fluid  at  the  cutting  speeds  used  in  peripheral  end 
milling  the  cast  17-4  PH  alloy  resulted  in  the  generation  of  excessive 
smoke  at  the  cutter.  Hence,  a  chlorinated  soluble  oil  was  used  at  a 
dilution  of  1:20.  The  curve*  in  Figure  66,  page  70,  show  the  improve¬ 
ment  gained  by  using  this  chlorinated  soluble  oil.  For  example,  at 
a  tool  life,  of  175  inches  of  work  travel,  the  chlorinated  soluble  oil 
permitted  a  20  percent  increase  in  cutting  speed  over  that  u:**d  with 
the  plain  soluble  oil. 


As  shown  in  Figure  67,  page  70,  at  a  cutting  speed  of  150  feet/minute 
doubling  the  depth  of  cut  resulted  in  a  decrease  in  tool  life  from  180 
to  120  inches  of  work  travel.  However,  it  should  be  noted  that  by 
decreasing  the  cutting  soeed  from  160  to  150  feet/imnute,  it  was 
possible  to  increase  the  dtpth  of  cut  from  .  125  to  .250  in.  without  any 
change  in  tool  life.  In  other  words,  th*  metal  ».smo*-al  rate  was 
considerably  higher  at  the  depth  of  cut  of  .250  in.  and  a  cutting  speed 
of  150  feet/minute  without  any  sacrifice  in  tool  life. 
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}.  5  r*<»  17-4  1U  5  !  .’'.'in  Trr.t(f'!  arH  Ag«H  (t  ont:nu*,d) 

F~d  Mill  S'.oVinj;  (4  H  PHN') 

The  chlorinated  aoluble  oil  also  proved  to  be  benrfi<  »al  in  erd  mill 
slotting  the  cast  17-4  FH  alloy.  For  as  shown  in  Figure  tH.  page  71. 
the  cutting  speed  was  approximately  tO  p.  r<  <  nt  greater  wi*h  the 
chlorinated  soluble  oil  as  compared  to  the  pla  n  soluble  oil. 

A  comparison  of  two  grades  of  HSS  cutter*  is  shown  in  Figure  t'}. 
page  71.  At  a  tool  life  of  120  inches  of  work  travel,  the  M42  HSS  tool 
provided  a  IS  percent  higher  cutting  speed  than  the  M2  HSS  cutter. 

As  shown  in  Figure  70,  page  72,  the  cutter  life  did  not  change 
appreciably  as  the  feed  rate  was  increased  from  .  002  to  .  004  in.  / tcoth. 
The  variation  was  from  50  to  70  inches  of  worU  travel.  The  tool  life 
uf  70  inches  was  obtained  at  a  teed  of  .  003  in.  /tooth  and  a  cutting 
•  peed  of  120  fcet/minute.  The  ,ool  curves  in  Figure  71,  page  72, 
show  that  the  cutter  life  was  longer  with  the  feed  of  .  003  in.  /tooth, 
even  at  lower  cutting  speeds.  While  the  increase  in  tool  life  was 
shout  20  percent,  the  production  rate  at  this  higher  feed  was  also 
50  percent  higher.  Hence,  a  feed  of  .  003  in.  /  tooth  will  be  recommended. 

Drilling  (415  BHN) 

Tool  life  curves  for  both  M42  and  M2  HSS  tools  are  presented  in 
Figure  72,  page  73.  Note  the  \ast  difference  in  the  performances 
of  these  two  types  of  HSS  drills.  For  a  drill  life  of  250  holes,  the 
cutting  speed  with  the  M42  HSS  drills  was  50  feet/minute,  while  with 
.  the  M2  HSS  drills  it  was  only  10  feet /mt nuts. 

Retming  (415  BHN) 

As  shown  in  Figure  73,  page  73,  the  chemical  emulsion  proved  to  be 
even  slightly  better  than  a  chlorinated  oil.  A  reamer  life  of  more 
than  250  holes  resulted  at  a  cutting  speed  of  40  feet/minute  and 
a  feed  of  .  009  in.  /  rev. 
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Tapping  (415  BHN) 

The  chlorinated  oil  waa  far  more  effective  than  the  chemical  emulsion 
in  tapping;  aea  Figure  74,  page  74.  Over  250  holes  can  be  tapped  at 
a  cutting  speed  of  90  feet/minute  with  the  chlorinated  oil.  Using  the 
chemical  emulsion,  the  tap  lifa  waa  68  holes  at  a  cutting  speed  of 
25  feet/minute. 
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*  TABLE  V 

RECOMMENDED  CONDITIONS  FOR  MACHINING 

17-4  PH  CAST.  SOLUTION  TREATED  AND  AGED  415  BHf> 

Nominal  Chemical  Composition,  Percent 

Fe  Cr  Ni  Cu  Si  Mn  Cb  +  Ta 

Bal.  16.0  4.0  3.0  .75  .35  .3 
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TOOL  LIFE  -  NUMBER  OF  HOLES 
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Figurt  74 


3.  6  Almar  362.  Ann*a!H 
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Alloy  Identiflcatmn 

Almar  362  can  be  defined  as  a  »tainle*a  managing  ateel  which 
contain*  an  addition  of  chromium  that  render*  the  alloy  good 
corroaive  and  oxidation  resistance  propertiea.  The  nominal  compo- 
aition  cf  thia  alloy  ia  a*  follow*: 

Fe- 14.  5Cr-6.  5Ni-.  8Ti-.  3Mn-.  2Si-.  03C 

The  material  for  the  peripheral  end  milling  teata  waa  procured  aa 
forged,  mill  annealed,  2  in.  by  4  in.  rectangular  bars.  The 
material  for  the  drilling  teata  waa  obtained  by  aectioning  1/2  in. 
thick  platea  from  the  2  in.  by  4  in.  bar  atock.  The  a  'baling  treat¬ 
ment  at  the  mill  waa  a*  follow*: 

1500*F/1  hour  per  inch  of  thickneaa/air  cool 

The  resulting  hardneaa  waa  248  BHN. 

The  microatructu re,  illustrated  below,  consist*  of  aoft.  ductile 
martenaite. 


Almar  382,  Annealed 

Etchant:  Fe  Clj 


Mag. :  500X 


% 


73 


Tool  life  rurvei  are  shown  in  Figure  75,  page  78,  for  peripheral  end 
milling  Almar  362  in  the  annealed  condition  using  conventional  milling 
and  climb  milling.  A  30  percent  increase  *r  tool  life  was  obtained  by 
climb  milling  compared  to  conventional  milling. 

A  comparison  of  two  cutting  fluids,  a  soluble  oil  and  a  chlorinated  oil, 
is  shown  in  Figure  76,  page  78,  Note  that  the  soluble  oil  was  slightly 
better  than  the  chlorinated  oil. 

The  relationship  between  feed  rate  and  tool  life  is  presented  in 
Figure  77,  page  79.  The  difference  n.  the  tool  life  was  not  as  great 
as  one  might  expect  when  the  feed  rate  was  inc  reased  from  .  003  to 
.  005  in.  /tooth.  At  the  higher  feed  of  .  005,  however,  there  is  always 
the  problem  of  tool  deflection.  Hence,  a  feed  of  .  0C3  or  .  004  is 
recommended,  depending  on  the  depth  and  width  o f  cut. 

In  a  caae  where  heavier  depths  of  cut  were  used,  the  feed  was  set 
at  .  003  in.  /tooth  as  shown  in  Figure  78.  page  79.  Note  that  for  a 
given  tool  life  the  cutting  speed  had  to  be  reduced  about  10  percent 
when  the  depth  of  cut  was  increased  from  .  125  to  .  250  inches. 

A  comparison  of  two  different  high  speed  steels,  M2  and  M42,  is 
presented  in  Figure  79,  page  80.  The  M42  tool  permitted  a  20 
percent  increase  in  cutting  speed  as  compared  to  the  M2  tool. 

Drilling  (255  BHN) 

Tool  life  curves  with  two  different  types  of  HSS  tools  are  ahoern  in 
Figure  80,  page  80.  The  tool  life  was  appreciably  better  with  the 
M42  HSS  drills  as  compared  to  the  Ml  HSS  drill,  for  the  drilling 
speed  with  the  M42  HSS  drills  for  a  given  tool  life  was  show.  20 
percent  higher  than  with  the  Ml  KSS  drills. 


! 


In  or  !»r  to  corner*  *s*  to  the  m: ; 1  annealed  condition.  a 

portion  of  the  material  «* ■  heat  treated  aa  foil- wa: 


«00T/2  ’..^ura/air  cool 

The  treatment  resulted  in  a  hardnea*  of  J?5-  598  BHN.  The  micro* 
atructure  of  the  aged  grade,  which  ia  evidenced  below,  conaiata  of 
a  martenait**  matrix  atrengthened  by  prec ipitatea. 


Almar  )U,  Aged 


Etchant:  F*Q} 


Mag. :  SOOX 
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r  >'1  t  •  f «-  \  th*«*r  'i.!!frr”'  '-.pr*  J'S3  •  ■  »»>i  •  are  5rn»  Vf-i 

m  F  gore  n  1 .  page  *>4.  T^e  M42  HSS  •  ••  I  pro-.- idrd  t •  r  !•, -*«•** 

•  t !  r  Of  t^e  t  b  r  tool*  i»ed  thr  t  *>i  l.tr  wit1-  *hr  T  1  ^  HSS  *<•  1  w.i» 
ponff  it  Thr  cPt.'nj  «perd*  lor  4  t-'.l  1 1 1 »-  o|  |  V)  tni  *r«  »t  •»  >r» 

mol  with  the  Tlh.  M2  and  M42  HSS  tool*  were  I')’).  14S  aid  1*2 
tret  m. nute.  re*pecti\eh. 

A*  ihuwn  in  Fi<  ire  *Z .  page  44.  *  feed  of  .00)  in  /tooth  provided  the 
be*.  tool  life  Increasing  the  (red  to  *'l  0  4  in  tooth  rr«’<i*r*)  in* 

2*>  p  rient  Hei.rr**e  i  n  tool  life  *t  *  i  .*r.  *g  •  :  er d  ot  |  C  0  leet  mm  .  *e 

A  v  i>m*(M  r  non  of  tool  life  curve*  fir  peripheral  end  n;,l!i~g  *he 
Almar  )t2  alloy  m  the  annealed  condit.  :i  and  the  aged  c  ond.'ion  ,* 
»h.iwn  in  F  jure  H).  page  H*  N<»t»  that  the  alloy  in  the  annealed 
(ondit.on  can  be  tna-  hined  about  three  time*  fatter  than  the  same 

•  llov  in  the  aged  condition. 


Drill  in  *  f  3  SB  PHN) 

Tool  life  curve*  at  two  different  feet*  are  *hnwn  m  Figire  «4  sag* 
D5.  for  drilling  Aln^ar  )*2  aged  to  ’44  PHN  N  >te  that  for  a  *n*>l 
life  of  200  hole*  thr  ,  uttmg  speed  with  the  0,4  m.  ,  rev  wa*  )’> 
percent  higher  than  t"a»  which  wa*  u*rd  at  a  *peed  of  0)5  in  rev. 
The  r rlationahin*  between  feed  and  tool  life  are  ahrtwn  at  several 
different  rutting  speed*  in  Figure  IS.  page  16. 

A  compariaon  of  tool  lift  curve*  in  dr  it  -g  the  Almar  lt2  alloy  in 
two  different  heat  treated  condition*  i*  ahown  in  Figure  In,  page  *•>. 
For  a  tool  life  of  170  hole*  the  alloy  m  the  annealed  condition 
(2SS  DHN)  can  be  machined  at  twice  the  drilling  apeed  that  would  be 
req  ired  for  the  alloy  in  the  aged  condition  Oil  BUM. 
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4 .  1  Titan:-:rn  f-Al-4V,  Bota  Forged 
Alloy  Identification 

Ti-6A1-4V  i«  a  high-alpha,  lean-beta  titanium  alloy  which  exhibits 
excellent  elevated  temperature  itrength  and  atability  aa  well  aa  a 
wide  range  of  hot  workability.  One  of  the  moat  recent  developments 
haa  been  centered  on  forging  the  elloy  above  the  alpha  plua  beta/beta 
tranaua.  Thia  practice  haa  not  ahown  any  significant  effect  in 
reduction  of  mechanical  propertiea,  but  rather  haa  improved  creep 
atrength  and  fracture  toughneaa.  The  alloy  haa  the  following 
nominal  composition: 

Ti-6.0A1-4.0V-.05C 

The  material  for  turning  teata  «ti  procured  aa  3  in.  diameter  bare 
in  the  beta  forged  condition.  It  waa  reportedly  forged  at  1950*F  and 
air  cooled  to  room  temperature.  The  hardneaa  of  the  bare  was 
331  BHN. 

The  reaulting  micron  ructure,  which  ia  illustrated  below,  conaiets 
principally  of  acicular  alpha. 


Titanium  6A1-4V,  Beta  Forged 
Etchant:  HF.  HNOj.  H20 


.  87  - 


Mag.:  SOOX 
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4.  1  Titanium  f-Al-4*.*.  Beta  Forged  {continued! 

The  1/2  in.  thick  sections  for  the  milling  teete  were  machined  from 
2  in.  by  4  in,  rectangular  bar*  in  the  beta  forged  condition.  Beta 
forged  elabe  1/2  in.  by  4  in.  were  procured  for  the  drilling  tests. 

The  material  «>i  reportedly  forged  at  195Q*F  and  air  cooled  to  room 
temperature.  The  resulting  hardness  on  all  the  material  wae  331  BHN. 

» 

The  microstructure  of  the  2  in.  by  4  in.  bare,  ahown  below,  consist* 
of  alpha  plateleta.  Thia  coarser  structure  in  contrast  to  that  of  the 
1/2  in.  by  4  in.  slabs  is  indicative  of  a  slower  cooling  rate. 
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Titanium  6A1-4V,  Bata  Forged 
Etchant:  HF,  HNOj,  H20 


Mag.:  SOOX 
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"iC"“,,uch‘"  °,,h«  >«  i»-  br  <  I",  m.leri.1  if  .vii!0c,d 
Iow*  !t  principally  „f  acicular  alpha. 


Etchants  HE.  HNOj.  H20 


minium  GAI-4V.  B«U  Forged 


Mag. ;  3  OCX 


4  I  T ■■  1  u  n  ■.  ■ : :n  ♦  A 1  •  4  \  Pt-M  F->rg«*»l  (,  onti  nurd  I 

QM  PHN) 

Tool  life  c  mvcs  wah  three  diffr-ort  t,t>ej  of  HiS  tool*  are  shown  ,-i 
Fig.ie  87.  page  10G  for  turr.,ng  Titanium  fcAl-4V  beta  lorgec.  J .  I 
BUN  Note  that  for  a  eO- minute  tool  life,  the  cutt.r.g  speeds  were 
4t>  feet /rr.inute  for  the  M2.  52  feet /minute  for  the  T»5  and  5b  feet  pe* 
mm  ate  for  the  M42  HSS  tools. 

The  type  M42  HSS  tool  was  even  more  suoenc*  at  the  heavier  feeds. 

For  example,  as  shown  in  Future  88,  page  100.  tee  cutting  speeds  at 
a  feed  of  .  015  in.  / rev.  were  about  40  percent  faster  than  at  a  feed  of 
.010  in.  / rev.  and  70  percent  faster  than  a*  a  teed  of  .  005  in.  /rev. 

In  general,  the  cutting  speeds  used  m  maihinmg  the  surfaces  of  the 
forged  bars  of  the  titanium  alloy  were  appreciably  less  than  those 
used  tor  machining  under  the  skm  Note  in  Figure  8V  page  101.  that 
the  rutting  speeds  ;n  turning  the  skm  of  these  iorged  bars  were  less 
than  50  percent  of  those  used  under  the  skin.  The  difference  in  the 
depths  of  Cot  for  the  two  different  curves  .s  not  oelieved  to  be  an 
important  factor  in  the  comparison. 

Too!  life  curves  with  carbide  tools  are  shown  m  Figure  90.  page  101. 
for  the  two  tool  geometries:  (1)  S’  negative  back  rake  ar;d  5’  negative 
side  rake  and  (21  0*  back  rake  and  5*  positive  side  rake.  Note  tnat 
the  tool  with  the  negative  rake  angles  provided  slightly  higher  tool 
life  than  those  tools  having  the  pos.tive  side  rake. 

The  C-2  grade  of  carbide  again  provided  the  longest  tool  life.  Not*  in 
F.gur*  91,  page  102.  that  both  th*  titanium  carbide  and  the  C - 7  grad* 
pcrlormed  poorly  compared  to  the  C-2  grad*  of  carbide.  Also  th* 
*d“*ntage  of  using  a  cutting  oil  was  not  v**y  significant  when  compared 
to  c  tting  dry  Figure  92,  page  102.  At  a  30  m.n-te  tool  life,  tie 
cutting  speed  with  the  oil  waa  less  than  10  percent  faster  than  cuttirg 
dry  However,  it  i*  to  be  expected  teat  the  tw»l  lit*  v«|ues  would  be 
more  consistent  when  using  a  cutting  oil  amce  twe»*  would  be  leas  01  a 
tendency  for  th*  chip  to  weld  to  th*  cutting  edge. 

It  *•  intereating  to  not*  in  Figure  92.  page  105  that  at  a  cutting  speed 
of  1^5  feet/minute  with  carbide,  th*  tool  life  dropped  SO  percent  when 
the  feed  was  increased  from  .010  to  .015  ,n.  /rev  When  cutting  with 
h  g<»  speed  steel  tools,  as  shown  earlier  t*e  tool  i.te  increased  when 
th*  feed  was  inci  eased  to  .  01$  in.  /rev. 
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Tool  life  curves  with  M2  and  M42  HSS  tootn  .utters  are  thown 

in  Figure  44,  page  203.  At  a  cutting  speed  of  SO  feet /m;  rvite .  tse  to. >2 
life  with  the  M42  I iSS  cutter  was  1>?Q  inches  of  work  travel  while  with 
the  M2  HSS  cutter  the  tool  life  was  40  mches  of  work  tra\.  I. 

Figure  45,  page  104,  presents  tool  life  curves  at  two  different  feeds 
over  a  range  of  cutting  speeds  with  an  M42  HSS  smgle-tooth  cutter. 
These  two  curwi  reveal  that  with  the  single-tooth  c-*ter.  the  higher 
production  rate  is  at  the  feed  of  .  005  m.  /tooth.  However,  it  hat  Seen 
found  in  the  past  that  when  using  a  multiple-tooth  cutter  the  feed 
generally  has  to  be  reduced  somewhat  m  order  to  maintain  a  reasonable 
tool  life.  Hence,  a  comparison  of  the  performance  of  a  smgle-tooth 
cutter  with  a  M-tooth  cutter  is  made  in  Figure  *6.  page  104.  at  a  feed 
of  .003  in.  /tooth.  Note  that  at  a  cu'tinj  speed  of  ‘*0  feeti  minute  the 
cutter  life  in  terms  of  inches  of  work  travel  per  tooth  dropoed  from  90 
with  a  single-tooth  cutter  to  40  with  the  14-tooth  cutter.  However, 
even  with  the  lower  tool  life  per  tooth  using  the  multip!e*tooth  cutter, 
the  total  length  of  workpiece  cut  waa  14  time*  40,  or  5o0  inches  of 
work  travel. 

A  comparison  of  the  tool  life  values  obtained  with  a  variety  of  grades 
of  carbide  is  presented  in  Figure  97.  page  103.  Note  that  no  cutting 
fluid  waa  uaed  with  a  aingle-tooth  cutter  having  5*  positive  rake 
angles.  Also,  the  feed  was  .003  in.  /tooth.  Under  these  conditions, 
the  C-2  grade  383  was  superior  to  all  of  the  other  grades  tested. 

As  shown  in  Figure  98.  page  105.  a  cutter  »ith  5*  negative  axial 
and  rad  >1  rake  angles  provided  longer  tool  life  than  a  cutter  with 
5*  positive  axial  and  radial  rake  angles  at  a  cutting  speed  ot  100 
feet/mmute.  At  this  speed,  the  towl  life  was  2*0  inches  of  work 
travel  with  the  cutter  having  the  negative  rake  angles,  while  with  the 
cutter  having  the  positive  rake  angles  the  tool  life  was  215  inches  of 
work  travel. 

Another  comparison  of  the  cutters  having  negative  and  positive  rake 
angles  ia  presented  in  Figure  99.  page  10a.  at  a  cutting  speed  of 
150  feet/minute.  Except  at  a  feed  of  .  007  m.  /tooth,  the  difference 
in  the  two  cutters  is  insignificant. 

Cutter  life  ■’  at  increased  appreciably  by  using  a  phosphated  oil 
instead  of  cutting  dry;  see  Figure  100.  page  10t.  For  example,  at 
a  tool  life  of  I  JO  inches  of  work  travel,  the  cutting  speed  w  th  the  oil 
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Hi  2')  lift  n,-,  i'r  a*  t  :i'  ;>»  rr  •  ,»  1  ‘  r.  r»  fi-  :  , 

The  ,»1>!  j'jif  oil  VT  l\  ’lied  r  ■  r  n  1*  *  *  ml  .  i  i  •  *  -  a  -t  i  'i  r  , 

U'ng  *  pho*ok-ated  iiil.  *he  si«glr-t  ■-  S  c>.ifer  w,*;i  tk.r  S*  rr,j*  ■  «• 
axial  *  no  ridial  i«>f  ingle  *  wa  *  4P3»n  *k>!\  l.ritri  fa-,  a  i 
having  the  S*  positive  axial  and  ra<i.-*'  tt‘»  *'i-  *  F  r  mj"  r>  a» 
shown  in  Figure  101,  nugr  1  O' ,  ar  a  .  >,  •  n»  cnced  •. >t  2  :•  <  •  •- 

the  tool  life  with  the  ,  utter  Ijiv:  rg  the  y  «  .t  •  *  a  *  r  a  •  gle  *  w  a  »  .  '  ' 

■  nc  Sr  •  ol  work  trace l  ai  c  umpa  red  *■»  2  '  '  ,i  -r  »-*?•••  r  .•••■ ■  r  ■  a  •  g 
the  negatice  ra»e  angles. 

It  i*  interesting  to  notr  in  Figire  1,2.  t>«ge  10”.  tS.»*  »t  « 
of  220  teet/mmutr  the  cutte.*  Ule  per  t  ><>rh  wit  .  ?-r  x  x-  *>•»*-  <  •  ■••r 

wa  I  only  12S  i  nc  hr  a  at  cn.npared  to  1*0  tn»le*  w.th  **.e  *  •  ••»,«n 

cutter.  llo«f\rr.  it  skuuld  Sr  pointed  out  ‘ha*  »t  ,l.>«  »t>  ••  r  ».x- 

tooth  cuttrr  cut  a  total  ol  7*0  in.  hra  ol  «or  travel  w-*tIe  tt'e  *.*glr  ■ 
tooth  cuttrr  only  cut  lt*0  inches  total. 

PrnrSrral  Fnd  Milling  OH  PHS) 

A  companion  it  shown  in  Figure  101.  page  !'■*  >1  •  »<*1  1 te  •  ir\e* 

obtained  with  a  soluble  oil  and  a  phosohatrd  u.l  At  *' *•  >  i**.*v  »p«*.-d» 
at  which  thetr  curvrt  we;e  obtained,  t’..r  tot  .Sir  o.‘,  t>  ,tpr  r  Mrttirl  fr 

phot  ,iha  ted  oil. 

Aa  shown  in  Figure  104.  page  104  at  a  tool  life  «t  J:  :  n.  hr*  .<•  wort 
the  cutting  speed  with  an  M42  HSS  end  mill  was  20  t>*-r  rnt  greater 
than  that  with  the  M2  HSS  cutter.  Note  that  the  dr»:n  ol  i  «t  waa  .  2S0 
in*hes.  At  A  depth  ol  cut  ol  .  12$  in.  ,  the  cutting  speeds  were  40 
percent  higher  thsn  at  a  depth  ol  cut  ol  200  in  see  Fig  *re  10'.  pace 
100.  It  should  be  pointed  nut.  however,  that  at  the  depth  ol  cut  ol 
.  250  tit.  (which  ia  twice  as  great)  only  a  40  peri  rnt  dec  tease  in 
cutting  speed  was  requited  to  obtain  the  equivalent  tool  'tie  Hence 
the  metal  removal  rate  was  appreciably  g  rater  in  th»  » a«e  of  tne 
higher  depth  ol  cut. 

The  curve  shown  in  Figure  I  On.  page  100.  represent*  ,wr  relutmnsh.p 
between  tool  life  ano  teed  at  a  cutting  speed  ol  100  tr<  mtvite  No*e 
that  ttte  cutter  life  actually  increased  from  20?  to  t2$  inches  ot  work 
travel  by  increasing  the  feed  from  .002  to  .004  m.  /touts. 


I 


% 


I 


I 


I 


I  • 


I 


I 


I 


*  02  - 


I 


I 


i 


4  .  7  *4  »  A1  4 ,  ;'■■■  J  V  f  (■  *>n*.ri'.ed) 

i  ■  r  i  r  r  ^ !  F*v»  M  Ih- m  (U|  pHN)  (<.  cm  i  n  .e*il 

A  t  >m'>*  r  i  *on  ot  tool  lifr  r  jr  .ft  oht* ;  r.»*j  with  two  *i;?f  *•  f  *  nt  J  f  *  'J  i’  • 
<it  HSS  crwl  mill*  havir-g  4  in.  flute  length*  is  inir*n  in  F ij'ir*1  107, 
page  110.  Tht  M42  HSS  ti'ui  wff*  Ur  »-io*,r;or  <o  t~e  M2  HSS 
tool*  T"t  example.  at  a  cutting  speed  of  ISO  leet/mmite  and  a 
ler*f  of  .  002  in.  /tooth,  the  tool  lifr  with  thr  M42  MSS  tool*  waa  304 
im  hn  of  *ur«  travel  aa  compare*!  to  32  inrhea  of  *ir«  travel  with 
the  M2  HSS  tool*. 


t 


Note  in  F ig-tre  left,  page  1  JO,  the  effect  of  depth  of  cut  on  tool  life 
with  the  4  in.  flute  length  end  mill*.  At  a  cutting  apeed  of  ISO 
feet /minute,  the  tool  life  decreaaed  from  304  to  PI  inche*  of  work 
travel  when  the  *>pth  of  cut  *n  increased  from  .  Ot.O  to  .  125  in. 

t'amg  longer  end  mills.  <>  in.  flute  length,  cutter  life  decreaaed  even 
more  rapidly  with  the  increased  depth  of  cut.  As  a  matter  of  fact, 
aa  ahuwn  in  Figure  10?,  page  1)1,  the  cutter  life  with  the  t>  m.  flute 
length  cutter  waa  only  15  inches  of  work  travel,  even  at  speeds  as 
low  aa  100  feet /minute  However,  decreasing  the  depth  of  cut  to 
.  030  in.  reaulted  in  a  tool  life  of  128  inches  at  a  cutting  apeed  of 
1  *0  feet  /minute. 


In  order  to  increase  the  tool  life  even  more  with  the  h  in.  flute  length 
c utter .  n  uas  necessary  to  also  decrease  the  width  of  cut  to  .250  in. 
Note  in  Figure  110.  page  111,  that  at  a  cutting  apeed  of  100  feet/minute 
the  tool  life  increased  from  127  inches  of  work  travel  at  a  width  of 
cut  of  .  500  m.  to  240  inches  of  work  travel  at  a  width  of  cut  of  .  250  in. 

A  very  interesting  companion  ta  made  tn  Figure  111.  page  112.  of 
the  tool  life  curves  for  end  mill*  with  three  different  flute  length*. 

At  a  cutting  apeed  of  200  feet/minute  the  cutter  with  the  2  in.  flute 
length  produced  a  tool  life  of  310  inche*  of  work  travel,  while  the  tool 
life  with  the  cutter  having  a  flute  length  of  4  in.  wae  only  115  tnchee 
of  work  travel.  In  order  to  produce  a  tool  life  of  even  50  inchee  of 
work  travel  with  the  t  tn.  flute  length  cutter,  the  depth  of  cut  had  to 
be  reduced  from  .  125  tn.  to  .0)0  in. 

A*  ahown  in  the  previou*  paragraphs  tool  life  decrease#  appreciably 
aa  the  length  of  the  flute  of  the  end  mill  ;e  increased.  Aleo.  cutter 
deflection  ta  a  more  aertoua  problem  wuh  the  longer  end  mille  Aa 
a  result,  dimensional  accuracy  suffers.  Note  in  Figure  112.  page  112. 
hvw  the  deflection  of  the  cutter  having  a  4  in.  flute  length  increased  at 


•  0)  • 


4  l  ?  •  ■  v  r-  •  >  f  I  -.-hhi 

Wf£  taI  F-vi  M.lliy  (HI  PM\)  (  or.-.nirfi) 

tod  wear  de vrlup«*<l.  Th«*  too!  drf.Pi.tton  tr.  tr  * f p <1  t<>  .  -  , -  w«*n 

thr  tool  wear  was  .  020  in. 

The  cirvri  ihowr  in  Fijj'irr  111.  pa  go  III.  relate  the  t  ittr  r  HpiUi  • 
t.on  for  tool  wear  at  a  wiath  of  cot  ut  .  2'Q  in.  for  a  i  tt’er  having  a 
flute  length  of  in.  N  >te  in  thia  ca«r  that  at  a  tool  wrir  .  Q2 the 
deflection  wit  .  030  in.  for  bo*h  depth*  of  c  ,.t.  .  0  10  and  .  0>  0  m.  it 
should  be  noted  that  with  *hi*  cutter  the  width  <>t  >  it  wa*  only  £30  in 

The  re*ult»  *hown  in  Figure  114.  page  111.  mduate  ttiat  the  cfetlect.on 
of  the  b  in.  flute  length  cutter  wa*  apDteciihlv  let*  at  a  width  of  .t 
of  .  500  in.  a*  compared  to  a  width  of  cut  of  ib 0  in.  Note  tnat  at  a 
tool  wear  of  .  020  in.  .  the  deflection  waa  .  059  in.  ,  wh.le  at  a  w.d*n  >1 
cut  of  .  500  in.  the  deflection  wa*  only  .  014  in.  It  appeared  that  at  the 
lighter  width  of  cut  the  cutter  tended  to  bend  more  than  w.th  the  hea.irr 
width  of  cut. 

The  relationship*  between  cutter  deflection  and  tool  wear  at.'  shown 
in  Figure  115,  page  114,  for  three  different  cutting  *p*rd*.  Note  that 
the  deflection  waa  least  for  the  highest  speed  However,  the  tool  hie 
waa  also  lea*  and  the  cutter  wear  pattern  wa*  different  tor  esc  S  of 
the  three  different  cutting  speed*. 

End  Mill  Slotting  fill  BUM 

Aa  shown  in  Figure  116,  page  114.  the  M42  HSS  end  mill  performed 
appreciably  better  than  the  M2  HSS  end  mill  in  alotttng  the  titam  ,m 
alloy.  The  cutting  speeds  were  about  18  percent  greater  with  the 
M42  HSh  ..utter.  Alao,  decreasing  the  depth  of  cut  to  .  125  in. 
permitted  an  increase  in  cutting  speed  of  slightly  less  than  15  percent 
see  Figure  lit,  page  1  IS.  These  results  indicate,  however,  chat  a 
higher  rate  of  metal  removal  is  obtained  by  uamg  a  deoth  ot  cut  of 
.250  in.  at  the  lower  cutting  speed  instead  of  using  the  lighter  depth 
of  cut  at  the  higher  cutting  speed. 

!t  was  found  in  the  case  of  end  null  slotting  that  the  lighte*  teed* 
provide  appreciably  longer  tool  life  than  the  heavier  feeds  For 
eaampls.  as  shown  in  Figure  111.  psge  115,  the  catter  tile  was  150 
inchss  of  work  travel  at  a  feed  of  .  002  in.  /tooth  as  compared  to  2' 5 
at  a  teed  of  ,  001  in.  /tooth  at  a  cutting  speed  of  115  feet/mmwte 
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Dniii-j  (im  n h\) 

A  i  orrps ri*<n  is  iVi*n  m  F  g-ir*  »!"*.  psj*  lib,  of  tKree  different 
grsd^*  of  HSS  tool*  in  drilling  T.tsmum  ►-A1-4V,  bet*  forg*d,  *t 
3  31  PHN.  N-.'tr  thst  for  *  too*  life  of  250  hoi***  the  rutting  spevds  for 
the  various  HSS  tool*  were  a*  fallows: 

Ml:  11  feet/minute 

M42:  40  feet/minute 

T15:  46  feet/minute 

Thu*,  the  T15  MSS  tool  permittee  a  50  percent  higher  vuttir.g  speed 

over  that  used  with  the  Ml  HSS  tool  and  a  15  percent  higher  cutting 
speed  than  that  with  the  M42  HSS  tool. 

The  beta  forged  block*  used  for  the  initial  drilling  tests  were  4  in. 
bv  b  in.  bv  W2  in.  thick.  It  has  been  the  custom  in  these  drilling 
tests  to  also  use  the  1/2  in.  thirk  plates  remaining  from  *he  milling 
tests  for  drill  blocks.  (The  milling  blocks,  as  beta  forged,  were  2  in. 
bv  4  m.  bv  12  in.  long.)  When  this  is  done,  several  tests  are  rerun 
on  the  mill  blocks  to  make  sure  that  they  have  the  same  machining 
characteristics  as  the  drill  blocks.  As  shown  m  Figure  120.  page  I  lb. 
the  drill  life  on  the  mill  blocks  was  much  greater  than  on  the  drill 
blovks  At  a  tool  life  of  250  holes,  the  cutting  speed  on  the  drilling 
olot  ks  was  10  feet/mtnute  as  compared  to  4b  feet/minute  on  the  mi'.* 
block.  The  difference  is  even  more  pronounced  when  a  comparison 
is  made  on  the  tool  life  values  obtained  at  a  given  cutting  speed.  For 
example,  at  i  cutting  speed  of  45  feet /minute,  the  tool  lift  on  the 
drill  blocks  vis  15  holes  as  compared  to  more  than  250  hole#  on  the 
mill  blocks. 

An  examination  of  tht  photomicrographs  of  the  drill  and  mill  blocks 
shown  in  Figure  121.  page  117.  reveala  a  conaiderabic  difference  in 
their  microatructurta.  Hence*  the  machining  characteristics  of  the 
two  seta  of  blocks  were  diiferent.  The  drill  blocks*  having  been  beta 
forged  to  a  1/2  in.  thick  section,  had  a  much  finer  actcular  structure 
than  the  mill  blocks,  which  were  machined  from  a  2  in.  thick  section. 

Further  teats  on  the  mill  blocks  revealed  that  a  phosphated  oil  was 
appreciably  more  effective  in  increasing  tool  life  than  a  chemical 
emulsion.  Note  in  Figure  122.  page  111,  that  for  a  tool  life  of  250 
holes  the  cutting  speed  with  the  chemica!  emulsion  was  42-1/2  feat 
per  minute  as  comparrd  to  41  feet/minute  with  the  phosphated  oil. 
Theso  results  were  obtained  at  a  feed  of  .005  in.  /rev. 
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At  a  lighter  fnnd  of  .  ''■'}  m.  .  rr;.  .  .  .?tir.g  •  :>  --fi  »  .--  '•tk-af 

higher.  U rider  cur.diti'ins,  the  vhrrr.u  err  ,'.*\nr 

!hf  !oni{fr  to'i!  ii!f.  For  ex* rr tile,  at  ,n  ?.;.(<■  i ..  >  « 11* 

at  a  tool  life  of  20  1  hwle*  thr  cutt.r.g  »rx*r'i  w.;h  •«•  T.-hn*?1  a'-d  ■  >.!  *a« 
^2  -  1  '  2  fret/minute  and  t  0  feet  rv.n  ;te  with  thr  .  rmn  a!  r:r  ..  «.  .  i 

F.gidity  i rt  maihim?ij  of  anv  titanium  alloc  i*  .  t  I’rtvut  .m y-.r •<»-,.  e 
This  was  again  ihnwn  in  drilling  thr  beta  forged  Tituniim  »A1-4V  ire 
Figure  124.  page  11*.  Ilrrr  «  i'"f?ari«nn  •*»«  trade  between  *,->rr* 
length  and  screw  mac hire  leng*h  dril.s.  N  .tr  that  t  -t  a  dr.ll  l.:r  >>: 

*'?  holes  thr  cutting  sored  w;*n  *he  ;  ihbers  length  drill  *a»  •  )  frrt 
pe r  minute  at  corrsarH  to  tl  fret  rr.ir  .re  (2-'  percent  faster)  wan  t-r 
•  at*  machine  length.  The  feed  «n  013  in.  rtv.  If  thr  f.  r!  hud 
been  higher.  »•  .*  quite  possible  that  the  difference  would  ua-  r  oeen 
even  greater.  The  length  of  the  drill  it  of  oarticdar  imnor’ame  m 
drilling  titanium  since  the  chitel  edge  tends  to  wear  rapidly  and  as 
a  result,  the  thrust  force  increases  considerably  The  longer  t.-.e 
drill,  the  greater  the  deflection  of  th>*  drill.  When  the  drill  dr»l*.  *s, 
the  titanium  tends  to  smear  over  the  margin  of  the  drill  ret  .It; :  .  .n 
nversiae  holes,  poor  finish  and  accelerated  too!  failure. 


Reaming  (331  PHM 

Results  shown  in  Figure  I2t.  page  11  -re  obtained  with  two 
different  cutting  fluids  on  the  blocks  tnat  had  been  forged  to  a  1/2  in 
thickness  (drill  blocks).  Note  that  the  phosphated  oil  provided  con* 
siderably  longer  reamer  life  than  the  chemical  emulsion.  The  'red 
was  .  00b  in.  /  rev. 

Note  in  FtRure  lib,  page  120.  that  in  the  ream.ng  operation  t*e  blocs* 
forged  to  a  thin  section  (1/2  in.  thick)  provided  longer  reamer  l.fe 
than  the  1/2  in.  thick  sections  machined  from  blo.ks  forged  to  a  2  in. 
thickness.  At  a  .  earner  life  of  25**  hole*  the  cutting  speed  on  t*e 
blocks  forged  to  a  2  In.  thickness  was  aS  i^et/mmute  as  comruired  to 
7?  feet /minute  on  the  blocks  forged  to  a  1/2  .a.  thickness.  Th.s  was 
the  reverse  of  that  obtained  in  the  drilling  tests 

The  feed  la  very  critical  when  reaming  the  beta  forged  Titanium  bAl*4V 
Note  in  Figure  127,  page  120.  that  at  a  feed  of  .007  in.  /rev.  the 
reamer  life  was  110  holes  and  that  when  the  feed  was  .ncreased  to 
.015  in.  /rev. .  the  reamer  life  decreased  to  five  holes.  Also  on  the 
mill  blocks,  by  using  a  cutting  oil  containing  sulfur  instead  of  a 
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T  *»n  ;■>»<  »Al-4V,  r  r »•  -t  (i  or.tinu^d) 

H  *'n  1  *  1  PH\t  (iortirijf'1) 

ohoephat rd  q;S.  the  reamer  I , f»»  mcrMifd  from  110  hole*  to  2)5  holea 
J»t  a  cutting  speed  of  TO  feet /m.r.ute.  see  Fijif'  128.  page  121. 

At  ahown  m  Figure  121,  page  121.  the  cutter  life  with  the  four-fluted 
carbide* ti'.oeti  reamer  «ut  not  aatiafactoty.  The  M3)  HSS  reamer 
performed  much  better  than  the  carbide-t.pped  reamer.  Chipping 
occurred  on  the  carbide  reamer*  even  though  the  feed  waa  reduced  to 
.  005  in.  /rev. 

An  M2  HSS  reamer  provided  ionger  tool  life  than  the  M)3  HSS  reamer. 
For  example,  in  Figure  1)0,  page  122.  at  a  cutting  apeed  of  85  feet 
per  minute,  the  reamer  hie  waa  1*5  holea  with  the  M2  HJ5  reamer  as 
compared  to  60  holea  with  the  M33  HSS  reamer. 


Tapping  (1)1  nifN) 


A  tompanaon  with  aeveral  typea  of  cutting  fluids  is  presented  in 
Figure  131.  page  122,  uamg  a  two-flute  spiral  point  tap.  The 
chlorinated  oil  was  used  for  comparison  purposes  only  since  it  is  not 
permitted  to  be  used  m  machining  titanium  ail  ;s.  The  oil  containing 
a  phosphate  and  the  one  containing  sulfur  performed  similarly,  hut 
appreciably  poorer  than  the  chlorinated  oil.  Using  a  three-:!  ite  tap. 
the  oil  containing  sulfur  was  far  more  effective,  tee  F.gure  1)2. 
page  12). 

A  comparison  of  various  types  of  taps  is  presented  in  Figures  1)). 
1)4  and  13).  pages  12)  and  124.  The  three-flute  taps  were  always 
the  best  of  the  group.  Also  chrome -cladding  the  three-flute  tap* 
resulted  in  increasing  tap  life  from  St  to  2)0  holea  at  a  cutting  apeed 
of  IS  feet/minute,  see  Figure  !)).  page  124. 
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A'.)  ty 

Titanium  t»Al-4V  it  a  Srgb-alpha.  Iran-  br*a  !;'i^rjn  alloy  trKich 
rahibita  racrllrnt  elrvatrd  trmprmturr  atrrig*h  «n>]  •♦ability. 

Thia  alloy  in  thr  <•»•*  form  ha  a  iho«n  rv-n  .almt  corrosion  rraiatanca 
am]  mr.  ha  rue  al  pr”prj*ti*a  ••  c ompartH  »o  i:»  *to«i|St  t  ourTtrrpar':. 
CaaMrvga  ha  vr  bran  uard  in  airframr  itrifittl  appl’cationa  *h*r* 
cornptr*  dr atg n* ahaprd  hardwarr  *11  nrrdrd.  Thr  nominal  < ompo* i  - 
tion  of  thia  alloy  >•  a*  folium*: 

Ti*b.  QAi-4,  CV-.  j$r 

Thr  matrrial  for  thr  milling  (rata  *••  proeur*d  aa  2  in  by  4  in.  caat 
bar*.  Thr  matrrial  fur  thr  drilling  trata  via  cn**;rmd  by  artttomng 
J/£  in.  ihuk  platra  from  thrar  Sara.  Trata  wrrr  prrformrd  on  thia 
matrrial  *a  thr  aa  caat  condition.  Thr  hardnraa  of  thia  matrrial  «•  a 
141  PUN. 

Thr  microatructtirr.  illuatraUd  iirlaa,  conaiata  of  Widmanatattrn 
(Saaart  wrarrl  alpha. 


C.«*t  Titanium  »A1-4Y.  As  ('■>«<  H  <»r>t.  nurtil 
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Face  Milling  (Ml  BUN) 

Tool  life  mrvM  »ith  two  different  grade*  of  MSS  tool*  are  shown  in 
Figure  136.  p*ge  129,  Note  that  at  a  tutting  *peed  of  80  fe»t / minute 
,«ud  a  feed  of  ,  03S  n.  /tooth,  the  tool  life  with  the  M42  HSS  »ingie- 
tooth  v  tter  wu  124  inches  of  work  travel  and  SS  inche*  of  work 
travel  with  the  M2  HSS  tutter. 

A*  ha»  been  found  in  previous  tests,  the  cutter  life  per  tooth  is 
usually  less  with  the  multiple-tooth  cutter  as  compared  to  a  single- 
tooth  cutter.  The  cutter  life,  as  shown  in  Figure  11?.  page  124.  was 
124  inches  with  the  single-tooth  cutter  as  » ompared  to  3?  inches  of 
work  travel  per  tooth  with  the  14-tooth  cutter  at  a  cutting  speed  of 
80  feet /minute.  However,  it  should  be  pointed  out  that  the  14-tooth 
cutter  actually  milled  a  total  of  918  inches  of  work  travel  and  that 
the  rate  of  metal  removal  was  14  times  faster  with  the  multiple- tooth 
cutter  than  with  the  single  -  tooth  cutter. 

The  M42  HSS  multiple-tooth  r utter  was  only  slightly  better  than  the 
M2  HSS  multiple -tooth  cutter  see  Figure  138.  page  l?0 

A  comparison  of  various  cutting  fluids  with  cuttir.g  dry  in  face 
milling  with  a  single-tooth  carbide  cutter  is  shown  in  Figure  13?. 
page  130.  Note  that  face  milling  drv  provided  appreciably  longer  tool 
life  than  when  using  the  cutting  fluids  shown  in  the  chart. 

It  has  been  found  in  the  past  that  tool  life  in  machining  titanium  alloys 
usually  decreaaes  with  increased  feed  The  results  shown  in  Figure 
140,  page  131.  confirm  these  findings.  At  a  cutting  speed  of  240 
feet/minute,  the  cutter  life  decreased  about  30  percent  when  the  feed 
rate  was  increased  from  .  003  to  .  009  in.  /tooth.  However,  this 
higher  feed  rate  provideo  approximately  the  same  tool  life  as  the 
lower  feed  rate  when  the  cutting  speed  was  decreased  from  240  to 
197  'eet/mmute. 

As  shown  in  Figure  141,  page  131.  the  cutter  life  in  terms  of  inches 
of  work  travel  per  tooth  was  also  considerably  less  with  ths  cavbide 
mult i pie -tooth  cutter.  However,  by  decreasing  the  cutting  speed,  it 
was  possible  to  increase  the  tool  life  appreciably.  For  example,  at 
a  cutting  speed  of  190  feet/minute,  the  tool  life  with  the  su-tooth 
cutter  was  the  same  as  that  with  ths  single-tooth  cutter,  cutting  at  a 
speed  of  279  feet/minute.  Hence  with  the  multiple -tooth  cutter,  the 
rate  of  metal  removal  was  still  thrse  times  fastsr  than  with  the 
single-tooth  cutter,  even  though  the  cutting  speed  was  reduced. 
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C<»«t  Tit*-  :m  >  AI -4V,  A»  Ca«t  (continued) 

PrjnpVcral  F^d  Milling  (Ml  PHN) 

The  M42  MSS  end  mill*  permitted  a  If  percent  mcrriit  in  cutting 
sored  ovrr  the  M2  HSS  cutter*.  see  Figure  142,  page  132.  The 
relationship  between  tool  life  and  feed  rate  with  the  M42  HSS  cutter 
i*  »ho«n  in  Figure  143,  page  132.  Note  again  how  critical  the  feed 
rate  i*  in  end  milling  titanium  alloy*.  In  thia  caae.  the  cutter  life  at 
a  (eed  rate  of  .  002  in.  /tooth  *ti  185  inche*  of  work  tt.vel.  Increasing 
the  feed  rate  to  .  0025  reeulteo  in  decreasing  the  tool  life  to  50  inche* 
of  work  trawl. 
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» 
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End  Mill  Slotting  (311  PHN) 

The  M42  HSS  cutter*  ai*o  provided  an  increaae  in  cutting  speed  over 

that  with  the  M2  HSS  cutter*  in  slotting.  Aa  shown  in  Figure  144, 

page  133.  the  increaae  in  cutting  apeed  was  10  percent.  § 

The  results  shown  in  Figure  145,  page  133.  clearly  indicate  the  need 
for  using  a  lighter  feed  in  end  mill  slotting  the  titanium  alloy, 
l.iv  resting  the  feed  from  .  002  in.  /tooth  to  .  003  in.  /tooth  resulted 
in  a  considerable  decrease  in  tool  life. 

i 


Drilling  (111  BHN1 

A  comparison  of  M42  HSS  drills  with  Ml  HSS  drills  is  shown  in 
Figure  146,  page  134.  The  cutting  speed  with  the  M42  HSf  '•rills  was 
20  percent  higher  for  a  given  tool  life  than  with  the  Ml  KSS  drills. 
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Ti-^Al-2Sn-4Zr-2Mo  is  a  super-alpha  titanium  alloy  which  combine# 
low  density,  high  strength,  plus  excellent  creep  resistance  and 
stability  at  elevated  temperature.  The  nominal  composition  of  this 
alloy  is  as  follows: 

Ti-6.  0A1-2.  03n-4.  OZr-2.  OMo-.  OJC 

The  material  for  the  milling  tests  was  procured  as  2  in.  by  4  in. 
rectangular  bars  in  the  as-forged  condition.  The  material  for  the 
drilling,  reaming,  and  tapping  tests  was  procured  as  1/2  in.  by  4  in. 
plates,  also  in  the  as-forged  condition. 

The  machining  testa  were  performed  on  this  material  in  the  solution 
treated  and  aged  condition.  The  heat  treatment  to  which  the  material 
wa«  subjected  was  as  follows: 

1775*r/l  hour /air  cool 
1100T/8  houra/air  cool 

Resulting  hardness  of  all  the  material  was  321  BUN.  The  micro- 
structure  of  the  2  in.  by  4  in.  bars  (shown  below)  consists  of  alpha 
platelets,  beta,  and  small  quantities  of  alpha  prime. 


Ti*6Al-2Sn*4Zr-2Mo,  Solution  Treated  and  Aged 
Etchant:  HP,  HNOj.  Glycerol  Mag.:  SOOX 
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4.  3  Titanium  -2Sn-4Z  r-2Mt>,  Solution  Treated  >  nrl  Aged  (continued) 
Alloy  Identification  (continued) 

The  microstructure  of  the  1/2  in.  by  4  in.  materia)  ia  illustrated 
be’ow.  It  coniiiti  of  a  slightly  elongation  alpha-beta  structure. 


TI*4Al-2Sn«4Zr«2Mo,  Solution  Treated  and  Aged 
Etchant:  HF.  HNOj,  Glycerol  Mag.:  500X 
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Frxf  Mil  Si»tt.~g  (> J  1  PHN) 

Of  the  cutting  fluid*  u#*d.  §r*  F  »«r»  14?,  page  143.  the  «itrr-b<tiv 
fluid*  performed  muvh  better  then  the  ohotpVsted  oil.  There  was 
verv  little  difference  in  the  perf itminm  of  the  three  water»base 
fluid*  however,  the  soluble  oil  appeared  to  be  (l.ghtly  better  than 
either  the  chemical  emulsion  or  the  pho»phated  soluble  oil. 

A*  *hown  .n  Figure  I4S,  page  140.  the  M42  HSS  cu*ter  performed 
appreciably  better  than  the  M2  HSS  cutter.  For  example,  at  a  tool 
life  of  ISO  inche#  ef  work  travel,  the  cutting  speed  with  the  M42 
HSS  cutter  was  slightly  more  than  10  percent  higher  than  that  wit.i 
the  M2  HSS  cutter. 

From  the  results  shown  in  Figure  149,  page  141,  it  would  appear 
that  a  feed  of  .  0015  in.  /tooth  is  the  best  feed  to  use  in  end  mil! 
slotting  this  titanium  alloy.  The  cutting  speed  at  tf  is  feed  for  a 
tool  life  of  ISO  inches  of  work  travel  was  almost  20  percent  higher 
than  that  with  a  feed  of  .  002  in.  /tooth.  In  addition,  the  results 
were  more  consistent  with  the  lighter  feed. 


Onllma  (321  BHM 

It  is  very  interesting  to  examine  Figure#  ISO  and  151.  page  MI. 

Note  that  in  Tifure  ISO  using  a  phosphated  oil  the  Ml  HSS  drill 
provided  appreciably  longer  tool  life  than  the  M42.  However,  as 
shown  in  Figure  1S1  using  a  chemical  emulsion  the  M4l  HSS  drill 
was  considerably  better  than  the  Ml  HSS  drill.  Ae  a  matter  of  fact, 
using  the  chemical  emulsion  and  the  M42  HSS  drill,  t  cutting  speed  of 
40  feet/miaute  was  used  to  obtain  more  than  2$0  holes.  Under  say 
of  the  other  conditiona  cited,  the  cutting  speed  was  IS  feet /minute 
or  lest  for  the  same  number  of  bole*. 

Further  comparisons  of  the  taro  cutting  fluids  for  each  of  the  two 
HSS  drtlla  are  presented  in  Figures  1S2  and  ISS.  page  141.  Note 
that  with  tha  Ml  HSS  drill  the  phosphated  oil  and  the  chemical  emulsion 
performed  similarly  at  a  cutting  speed  of  2S  feet/miaute.  The  drill  life 
was  slightly  more  than  ISO  holes.  However,  ss  shows  ia  Figure  IIS. 
the  chemical  emulsion  performed  appreciably  better  than  the  phaa* 
phated  ail  when  us  ng  aa  M42  HSS  drill.  Note  that  at  a  cutting  speed 
of  40  feet/miaute  with  the  phosphated  oil  the  drill  life  was  IS  holts, 
whilt  with  the  chemical  emulsion  s  drill  life  of  over  2S0  holes  was 
obtained. 


4.1  Tifmqm  *  A1  -  «!Sn  -  4/ r  -  wM<>,  Solution  Trrat^l  4r/!  fiont.  n*r?;l 


Rpjuru  *sJ2h  n»N) 

The  relationship  be  rw»-«  n  tool  life  and  tutting  speed  in  re.rmng  the 
titanium  alloy  is  shown  in  Figure  154.  page  144.  N  >te  that  w.th  an 
M2  HSS  six- flute  reamer  more  than  250  holes  were  reamed  at  a 
cutting  speed  of  105  feet/minute.  The  feed  was  001  m.  /rev 


Tapping  (521  BHN) 

As  shown  in  Figure  155.  oage  144,  both  the  therrutal  emulsion  and 
phosphated  oil  provided  about  the  same  tool  life  in  tapping  A  mo 
life  of  slightly  over  250  holes  was  obtained  witn  both  cutting  fluids 
at  a  cutting  speed  of  20  feet/minute. 

The  tool  life  curves  in  Figure  15b,  page  145.  indicate  the  advantage 
of  chrome  plating  a  tap.  Both  of  the  taps  »sed  in  these  testa  were 
three-fluted,  spiral- pointed  taps.  However,  with  the  plain  tap  tne 
maximum  tap  life  was  50  holes  at  a  cutting  speed  of  20  feet/min-te 
as  compared  to  250  plus  holes  with  the  chrome- plated  tap  at  the  same 
cutting  speed. 

A  ccmparison  of  a  two-fluted  and  a  three-fluted  tap.  both  chrome  - 
plated,  is  shown  in  Figure  15T.  page  145.  Note  the  great  difference 
in  the  performance*  of  these  two  ty^es  cf  taps  The  tap  life  w.th  the 
two-fluted  up  wai  very  poor  compared  to  that  with  the  three-fluted 
up. 
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4.4  *•??,  S«'U;Mon  f'-at-d  a-H  A*»d 


k’lmr  ‘testification 


Titanium  671  is  •  complex  *!  pha  -  beta  titanium  » 1  lor  designed 
elevated  temperature  application  up  to  IGO’F.  The  nominal  c 


elevated  temperature  app.  icatie 
tion  of  this  allpy  is  as  follows: 


for 

ompoet* 


Ti-  II.  OSn-5.  OZr  •  1.  OMo-2.  3A1-.  2St-.  02C 

The  material  for  turning  testa  was  procured  as  3  in.  diameter  bars 
in  ths  so.uuon  treated  and  aged  condition.  Rectangular  bar  stock 
2  in.  by  4  in.  for  ths  milling  tests  was  also  procured  in  *he  solution 
treated  and  aged  condition. 

The  beat  treatment  performed  on  this  material  at  the  miU  was  as 
follows: 

Solution  Treatment:  16S0*F/1  hour/air  cool 

Age:  930*F/24  hours /air  cool 

The  resulting  hardness  was  332  BKN.  The  microstructure,  illustrated 
below,  consists  of  equiaxed  alpha  plus  grain  boundary  beta  and 
compound  phases. 
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Titanium  MI,  Solution  Treated  sad  Aged 
Ctchaatt  Mr.  HNOj.  Hj  Mag.:  SOOX 
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T  *  *  ,fi  »  r  )  <  ii  it.'in  To****-'!  *  »id  (<  unt.  n  i*d) 

r . r -i -<g  i^jZ  hhni 

F  i  »r»  ISH.  pagr  150.  pr*s*n: •  th»  tool  life  <urvn  far  bcit'-i  M2  sod 
MU  HSS  tool*  Far  a  given  cutter  life,  the  M42  HSS  tool  permittee! 
a  12  percent  higher  cutting  speed  than  the  M2  HSS  tool. 

K*  »•  own  in  Fig  ire  159,  page  150.  the  C-2  grade  of  carbide  again 
oroced  to  be  superior  to  the  C-e  ^rade  in  turning  a  titanium  allov. 

F'-r  esample,  at  a  cutting  speed  of  ITS  feet/minute,  the  cutter  life 
witt;  the  C-2  grade  was  20  rninatea  as  compared  to  9  minutes  with 
t'.e  C  - «?  grade 

The  use  of  a  soluble  oil  perrmtied  an  increase  in  cutting  speed  of 
abo-.t  10  percent  over  cutting  dry  when  using  carbide  tot’s  in  turning 
Tit  iniurii  t> T  *  see  Figure  ifcO.  page  1 S I .  At  a  cutting  eoeed  of  150 
teet  minute,  the  tool  life  cutting  dry  was  24  minutes  ss  compared 
to  41  minutes  when  using  a  soluble  oil. 

The  results  shown  in  Figure  161.  •sage  141.  indicate  that  there  is  s 
slight  advantage  in  tool  life  in  using  tools  having  negative  rake  angles 
ocer  *he  posit- ve  rake  angle  tools.  For  example,  the  turning  tool 
w.th  the  5*  negative  back  rake  and  side  rake  angles  provided  a 
*'■ . ghtlv  longer  tool  life  than  the  cutter  having  a  0*  hack  ta«e  and  a 
5  positive  side  rake  angle.  In  addition,  th-  negative  rake  angle 
tool  geometry  provide*  more  cutting  edges  per  insert  and  hence  ta 
more  economical. 


Penphenl  End  Millim 


The  tool  life  curves  in  Figure  162.  page  lit.  show  the  effect  of 
various  types  of  cutting  fluids  on  tool  life.  Note  that  the  chemical 
emulsion  (1:10)  was  considerably  more  effective  than  either  the 
sullunaed  oil  or  the  phosphated  soluble  oil.  For  example,  at  a  cutting 
speed  of  l*$  feet/mmute.  the  tool  life  vslues  were  12  inches  of  work 
travel  for  the  phosphated  soluble  oil.  40  inches  for  the  sulfunsed  oil. 
and  214  inches  for  the  chemical  emulsion. 

As  has  been  found  in  the  past,  tne  selection  of  the  feed  rate  in 
penpherat  end  milling  titanium  alloys  Is  somewhat  critical.  Note 
that  in  Figure  IbJ.  page  142.  at  •  cutting  speed  of  US  feet/minute 
the  cutter  life  dropped  from  200  to  U0  inches  of  work  travel  when  the 
teed  was  iKc  rested  from  .  002  to  .  002$  ta.  /tooth. 
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effect  of  rr  tttno  si-fed  and  ct-ttino  r 


DR  II. I.:  1/4"  DIA.  W42  HSS  SCREW  MACHINE  LENGTH 
WIN T  ANCLE:  1 1 H *  CLEARANCE:  7* 

HELIX  ANCLE:  2«*  POINT  TYPE:  CRANKSHAFT 


CUTTING  SPEED  •  FEET/MINUTE 


5.  MAC’CNTNG  NICKT L  FA5F  ALLOTS 


Inc el  713,  Soluti'n  Treated  and  Aged 
Alloy  Identification 

Inconel  719  te  a  high  temperature  alloy  useful  in  the  intermediate 
temperature  rang*  up  to  about  1400*F.  The  material  has  the 
following  nominal  composition: 

Ni-t^Cr-JMo-S.  2Cb*Ta.w.  STl-0.  6Al-l8Fe-.  :LC 

Bara  4  in.  aquara  by  12  in.  long  were  procured  in  the  forged,  solution 
treated  and  aged  condition  for  the  machining  teata.  The  material  was 
given  the  following  heat  treatment; 

Solution:  1750*F/1  hour/air  cool 

Age:  IJ25*F/9  hour* /furnace  cool  to  H50*F 

Hold  at  11S0*F  for  8  hour* /air  cool 

The  hardneaa  aa  the  reault  of  the  above  treatment  waa  determined 

aa  4?  R  . 

c 

The  microatructure  of  the  alloy  ahown  conaiata  of  large,  equiaaed 
grama  with  complex  carbidaa  precipitated  along  the  grain  boundanea. 
Some  twinning  characteristic*  are  evidenced  in  the  auetemtic  matrix. 


Inconel  711,  Solution  Treated  and  Aged 
Etchant:  Kalling'a 


Mag.:  500X 
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rrf.r^nl  F-vf  M  -a  ( 4 *■  fl  J 

A  <  omrva  r  i  «i>n  of  <  I  m: b  c  utting  w.th  t  mva  ntiona!  <  utt  i  ng  wh^n 
tx-  r  ohr  r  j1  end  rmil  mg  Inc  one i  7  14  ,  *  shown  in  F  .  cure  let  >»  g  e  l  b2. 
Ni'lf  that  the  1  in.  d.ameter  rotter  Ka4  a  ‘lute  length  of  1  in.  and 
twJt.  lor  th#  rr**c  hming  u>«d,tn'ni  jiei),  climb  m.l'.ng  *n  Jar 
•  .>erior  to  (  on^rrii  mal  milling  A*  •  matter  of  !a<  t.  Jo r  a  tool  life 
>>!  *0  inches  of  w»rh  travel,  the  totting  speed  w. th  ■  limb  milling  til 
•w<>  ar.d  one-half  timea  that  with  conventions.  m-liing.  However,  as 
shown  m  Ftg'nre  170.  page  1*2.  when  the  flute  length  was  2  in.  . 
«on\entn>nal  nulling  waa  slightly  better  than  climb  m.lhng.  Aooar- 
rntlv.  the  impait  of  (hmb  cutting  waa  too  arv»r*  for  the  longer 
cotter,  and  hence  the  tool  life  waa  leaf. 

The  elf  t  of  flute  length  when  climb  cutting  ia  ahown  in  Figure  171, 
page  lb).  The  importance  of  a  rigid  setup  .a  immediately  evident 
from  thia  comparison.  For  the  same  feed,  depth  of  cut  and  width  of 
cut.  the  shorter  end  mill  provided  double  the  tool  life  at  a  cutting 
speed  of  10  feet/mmute.  For  a  given  tool  life,  the  cutting  speed  with 
the  I  in.  (lute  length  end  mill  waa  more  than  two  and  one-half  times 
faster  than  when  machining  with  the  2  in.  flute  length  end  mill.  It 
•hould  be  pointed  out  that  this  comparison  waa  made  using  climb 
milling.  Note  in  Figure  172,  page  lb),  that  when  conventional  milling 
was  used,  the  effect  of  flute  length  in  this  range  waa  not  very 
significant 

As  haa  been  pointed  out  many  times  in  the  past,  when  machining  • 
diflicult-to-machine  alloy  such  aa  Inconel  719,  the  eetup  must  be 
rigid  before  it  la  possible  to  obtain  a  reasonable  tool  life.  Ftgurt 
17),  page  ltd.  a  hows  the  tool  life  curves  obtained  at  two  different 
depths  ol  cut  At  ths  lighter  depth  of  cut.  thu  «x>l  life  wss  more  than 
two  and  one-half  timet  longer  than  that  obtained  at  the  .  I2S  ia.  depth 
of  cut.  Also,  it  should  be  pointed  out  that  while  the  depth  of  cut  wss 
only  half  ss  great  with  ths  .  062  in.  dtpth,  the  cutting  speed  for  a 
50-in.  tool  life  wss  mors  than  two  and  one-half  times  fasttr  aad 
heace  the  metal  remove,  rate  was  greats?  under  these  conditions  than 
with  the  greater  depth  of  cut. 

From  the  two  tool  life  curves  shown  ta  Figure  174,  page  164.  It  Is 
apparent  that  thv  width  of  cut  in  the  range  of  .  )7$  to  .  750  ia.  was 
aot  too  critical  with  respect  to  tool  life.  For  at  a  cutting  speed  of 
10  feet/minute,  the  tool  life  fnr  these  two  widths  of  cut  wss  the  same. 
Only  at  the  higher  cutting  speeds  wss  there  •  difference.  Note  that 
these  results  wers  obtained  with  a  cutter  having  a  flute  length  of  2  ia. 
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P»r.rk»f«l  End  Milling  (4*  R,  )  |(om:n.edl 

Too!  life  curves  for  th ree  different  grades  of  v.igb  soeed  steel  »r» 
(hown  in  Figure  175.  page  lb5.  The  tvoe  M42  fiSS  »n  far  better  t'-an 
either  the  Me  or  the  T15.  Th»*  T15  HSS  »  a  »  the  poorest  of  the  trree. 
principally  because  it  tended  to  chip  more  readily  Note  that  at  a 
cutting  speed  of  20  feet/minute,  the  too!  lives  tor  the  M42.  the  M2 
and  the  T1S  HSS  were  respectively  144.  "2  and  >?>  inches  of  wc.-h 
travel.  The  depth  of  cut  in  all  the  te»?r  shown  in  this  figure  waa 
.  Obi  in.  Increaamg  the  depth  of  cut  to  125  m.  rea  .Ited  in  an  ever 
greater  difference  in  the  performances  of  the  M42  ar.d  the  Mi  tools 
For  at  ahown  in  Figure  17b.  pa^c  IbS,  the  cotter  hie  with,  the  M4i 
tool  waa  more  than  three  timea  that  obtained  with  the  Mi  HSS 

The  effect  of  feed  on  tool  life  >•  ahown  in  Figure  17',  page  Ibb,  for 
both  the  M42  and  the  Mi  HSS  toola.  The  lighter  feed  of  .  0025  in.  /tooth 
was  the  beat  for  both  toola  at  the  apeeda  shown.  Not  only  waa  the  tool 
life  teas  at  the  higher  feed*,  but  there  waa  more  terdency  for  the 
cutting  edge  to  chip  at  the  feed  waa  increased. 

A  comparison  of  climb  cutting  with  conventional  cutting  with  type 
M42  HSS  toola  ie  presented  in  Figure  l78,  page  lbb.  In  thi«  case, 
the  climb  cutting  waa  far  superior  to  conventional  cutting  even  when 
the  flute  length  was  2  in. 

Alao  aa  ahown  in  Figure  179.  page  167.  increasing  the  depth  of  cut 
reduces  the  tool  lifo  appreciably.  For  example,  at  a  cutting  speed 
of  IS  feet/minute,  the  tool  life  decreased  SO  percent  when  the  depth 
of  cut  waa  increased  f  *om  .  062  to  .  12S  in. 

In  an  attempt  to  increase  the  production  rate  in  peripheral  milling 
Inconel  718  In  the  solution  treated  and  aged  condit.on,  carbide  end 
mills  wtrt  used.  It  should  be  first  pointed  oat  that,  in  order  to  use 
carbides  in  machining  an  alloy  such  ss  Inconel  718  (which  work 
hardens  rssdily).  positive  rake  angles  must  be  used  on  the  cutter. 

This  requirement  immediately  eliminates  most  of  the  commercially 
available  cutters  sines  they  generslly  utilise  negetive  rake  angles. 

The  cutter  that  waa  uaed  in  these  teste  had  a  helui  angle  of  0*  sod  s 
radial  rake  of  0*. 

Figure  .80,  page  167,  shews  a  rompsrison  for  s  large  number  of 
different  grades  of  carbides  that  were  used  to  attempt  to  find  the  beet 
carbide  for  the  conditions  employed.  At  the  feed  of  .  002  in.  /tooth 
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and  the  tutting  socrd  of  2 00  feet /minute,  the  Kb  (C-2)  grade  proved 
to  be  beat  of  the  large  number  teated.  A  comparison  of  two  C- 2 
grades  is  presented  in  Figure  181,  page  lb8,  at  a  feed  of  .  002 
in.  /tooth  and  over  a  range  of  cutting  speeds.  Note  that  the  Kb  grade 
provided  a  tool  life  of  275  inches  of  work  travel  at  a  cutting  speed  o» 

ISO  feet/minute,  while  the  tool  life  with  the  883  grade  was  155 
inch**  of  work  travel.  It  should  be  pointed  out  that  tool  failure  resulted 
primarily  from  chipping  and  not  tout  wear.  This  is  usually  the  condt* 
tion  when  attempts  are  made  to  mill  these  highly  work  hardenable 
alloys. 

As  one  might  expect,  the  Jrpth  of  cut  has  even  a  greater  influence  on 

the  tool  life  when  using  carbide  than  when  using  high  speed  steel,  the 

reason  being  that  increasing  the  depth  of  cut  tends  to  increase  the 

rate  of  chipping  of  the  cutting  edge.  Note  in  Figure  182,  page  188,  that 

the  cutter  life  decreased  from  275  inches  to  60  inches  of  work  travel  • 

when  the  depth  of  cut  was  r creased  from  .  Gu2  to  .  125  in.  at  a  cutting 

speed  of  150  feet/minute. 

%  However,  at  the  heavier  depth  of  cut  of  .  125  in. ,  the  883  grade  proved  * 

to  be  leas  prone  to  chipping  than  the  Kb.  Hence,  as  shown  in  Figure 
183,  page  169,  the  cutter  life  at  a  cutting  speed  of  ISO  feet/minute 
increased  from  120  inches  with  the  Kb  tool  to  14S  inches  of  work 
travel  with  the  883  tool. 

The  effect  of  depth  of  cut  on  tool  life  is  prsssnted  in  Figur#  184, 

page  lb9.  using  an  883  grade  of  carbide.  The  cutter  life  decreased 

from  27S  to  14S  inches  of  work  travel  when  the  depth  of  cut  was  ; 

increased  from  .  062  to  .  12S  in. 

a 

The  two  tool  life  curves  shown  in  Figurs  IBS,  page  170,  demonstrate 

how  critical  the  selection  of  macnining  conditions  is  when  machining 

the  high  nickel  base  alloys.  For  example,  at  a  cutting  speed  of  100 

feet/minute,  the  tool  lift  dropped  from  27S  to  105  inches  of  work 

travel  when  the  feed  was  increased  from  .  002  to  .  003  in,  /tooth.  At 

the  same  cutting  speed,  if  the  feed  was  decreased  to  .  001  in.  /tooth, 

the  tool  life  was  202  inches  of  work  travel.  At  a  higher  cutting  speed 

of  200  feet/minute,  the  best  tool  life  was  retched  at  .001  in.  /tooth.  « 

A  comparison  of  a  Kb  and  an  883  grade  of  carbide  over  a  range  of  * 

feeda  it  the  cutting  apeed  of  200  feet/minute  indicates  that  the  feed 
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of  f'vl  m.  tooth  would  be  the  be*t  with  the  K*  grade  ot  carb.de 
•ee  Figure  1  n t> ,  page  170 

The  advantage*  of  carbide  tool*  over  high  •o*»’l  *teel  tool*  are 
clearly  indicated  in  Figure  1*7.  page  171.  N  >te  tkat  the  tool  life 
with  the  Mi  high  apeed  »teel  tool  at  a  cutting  »>»ed  of  10  feet.  m. ntite 
was  only  *0  me  he*  of  *t«r  h  travel,  while  with  t^e  C  •  i  gr  ad>  of  carrj.de 
(K>)  a  tool  life  of  i7$  tnche*  wa»  obtained  at  a  cutting  *o**<I  of  |nf) 
feet/mmute  The  type  M4i  HSS  tool  provided  a  t>>ol  life  of  1  *0  .n«  1  e» 
at  a  cutting  speed  of  IS  feet  'minute.  The  different  e  m  t*»e  width  of 
cut  with  the  HSS  and  carbide  cutter*  wa*  not  believed  to  be  a  *ignif». 
cant  fac  tor  aMecting  tool  life  It  alto  *h<  uld  be  noted  that  tk  e  hign 
*peed  ateel  tool  had  four  teeth,  while  the  carbide  cotter  r*«\l  «•  had  th*ee 
teeth. 
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TOOL  LIFE  -  INCHES  OF  WOHK  TRAVEL 


'  III1 3  end  mi i  lino  inc c *.  .  • :  => 

I  SOL V 7 :ON  TREAT  ED  AND  AGED  4S  R 

EFFECT  OF  CUTTING  SPEED  AND  TOOL  MATERIAL 


CUTTERS;  1“  D1A  4  FLUTE  HSS  END  MILL 

l.r  OIA.  I  TOOTH  END  MILL  '*;TV 
FEED-  .  CC2S  IS i  l  OOTH  !  CARBIDE  IVSF? 

DEPTH  OF  CUT:  .  OU  IN  { 

.  WIDTH  OF  CUT:  SEE  BELOW  . . \ - , - 

SETUP:  CLIMB  MILLING  !  i 

CUTTING  FLUID;  Ch’LORLNATED  CIL  j 

TOOL  LIFE  END  POINT;  0 li *  UNIFORM  WEAR 
I  i  .  CIO"  LOCALIZED  WEAR 


~  Kh  CARBIDE 
WIDTH  OF  CUT: 


_  M4i  HSS  I 

WIDTH  OF  CUT:  ?A0'* 


ZZZ~~  vu  HSS  — ~4 

WIDTH  OF  CUT:  .  J7V 


CUTTING  SPEED  *  FEET /MINUTE 


S»r  ttxt.  p«|f  HO 


F»|ur**  H7 
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Inconel  t25  i*  a  nickel  ba*e,  high  temper ature  alloy  which  ia  highly 
resistant  to  oxidation  and  corr'nion.  ft  exhibit*  e*c*ll»nt  rupture 
and  toughness  characteristic*  up  to  1700*  F.  Addition*  of  molybdenum 
and  columbium  are  utiliaed  to  *olution  strengthen  the  nickel-rich 
matrix.  The  alloy  ha*  been  n**d  in  aerospace  and  marine  application* 
a*  well  a*  chemical  proceeding  equipment. 

The  no  inal  composition  of  th*  alloy  i*  a*  follow*; 

Ni-2:Cr-<JMo- J.  5Cb*Ta-2.  5Fe-.  2  5A1-.  ;$Ti-.  OSC 

The  material  for  th*  milling  teat*  was  procured  a*  1  in.  by  4  in 

plat*  in  the  mill  annealed  condition.  The  annealing  treatment  performed 

at  the  mill  waa  a*  follows; 

165Q*F/1  hour/air  cool 

The  as-received  hardness  of  th*  material  was  277  BHN.  Aa  shewn 
below,  th*  material  exhibit*  a  duplex  tuster.i’ic  gram  structure. 
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Inconel  623,  Annealed 

Etchant:  Kalling'* 


Mag. :  90X 


»  • 


I 


ft 


ft 


ft 


ft 


172  ■ 


I 


2  ! 


>nct  f  1  A  .  A~“**4!*  !  { v  ort  i  nurd  l 


r«  «■  <J2Z  hhn) 

F.gure  1*4.  page  ITS.  »how»  a  <  >rr  rc»  r,  •■in  of  the  tool  i  f»  >  i;\#t 
fir  both  a  s  i  ngle  •  tooth  arid  a  multi  ole  -  tooth  cotter  ovrr  a  ra  -  ge  -f 
tutting  *neerf*.  At  a  cutting  speed  A  Ji  feet  >niwtr.  the  to-,;  1.** 
w.th  the  single-  too*h  c utter  was  1  >4  ,  ?v  he  *  of  wo r «  travel  • k . 

whi’e  with  the  14-tooth  cutter  under  the  iam»  corvM.on*  tree  too,  i  'e 
ti*  ?5  inches  of  work  travel  per  >~>--th.  H  ’*»v»r,  the  !4  -  j'trr 

at  thia  cutting  st>eed  cut  a  total  of  l.Gl4  .n,Kri  of  work  travel. 

Multiple  -  tooth  cutter*  with  two  different  grade*  of  HSS  are  <  v-^ared 
in  Figure  18*.  page  ITS  The  M42  HSS  cutter  permitted  cutv-g 

•  peed*  12  percent  higher  than  tho*e  with  the  M2  HSS  cutter. 

End  M  :i  SI" _ ng  (277  FHV) 

As  shown  in  Figure  140,  page  17p.  the  M42  HSS  cutter  provided  a 
tool  life  that  «n  double  the  tool  life  obtained  w.th  the  M2  HSS  cutter 
at  a  cutting  *peed  of  40  feet /m> nute.  For  a  given  tool  life,  the  -utting 

•  peed  with  the  M42  HSS  cutter  was  15  percent  faater  than  with  the 
M2  HSS  cutter. 

W.ihm  a  range  of  feed  rate*  of  .001  to  002  m.  / tooth,  the  nagn.tude 
of  the  feed  rat*  it  not  c  ritical  in  en.l  m»l  slott.ng  Note  ii*  F  g  ire 
141.  page  I T t>,  that  in  thia  range  the  tool  life  did  not  drop  .  ooreciablv 

when  the  feed  rate  wii  increased.  However,  increasing  the  feed  rate 
to  .  001  resulted  in  decreasing  the  tool  life  from  85  inches  of  work 
trsvel  to  le**  ;han  15  inches  of  work  travel. 

Doubling  the  depth  of  cut  from  .  125  to  .250  in.  required  a  23  percent 
decrease  in  cutting  speed  in  order  to  maintain  the  same  tool  l.fe, 
see  Figure  142,  page  1??.  The  relationship  between  depth  of  cat 
and  tool  life  in  end  mill  slotting  is  further  demonstrated  in  Figure 
Pi,  page  177.  The  cutter  life  did  not  change  appreciably  when  the 
depth,  of  cut  was  increased  from  .0*2  to  .  125  m.  However,  it  did 
decrease  drastically  when  the  depth  of  cut  w*i  further  increased 
from  .  125  to  .  250  m. 
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Alloy  Identification 

Udimet  TOO  ie  a  vacuum  induction  rr.clted,  highly  alloyed  nickel  bate 
alloy  exhibiting  excellent  mechanical  properties  at  elevated 
temperature.  In  the  cast  form,  the  alloy  ha  a  been  used  for 
industrial  gas  turbine  buckets  and  in  some  jet  engine  applications. 
The  nominal  composition  of  this  alloy  is  as  follows: 

Ni-  15Cr-  15Co-4Mo>3.  5TI-4A1-.  05C 

The  material  for  the  machining  testa  was  procured  as  2  in.  by  4  in. 
cast  bars.  No  heat  treatment  was  performed  on  this  material  prior 
to  use. 

The  hardness  of  the  alloy  as  received  was  302  BHN. 

The  microstrur’ure  of  the  alloy  is  illustrated  below.  It  consists 
of  a  gamma  nutria  containing  gamma  prime  precipitate  and  complex 
carbides.  The  unevenly  shaded  areas  of  gammr  prime  are  Indicative 
of  the  original  dendritic  pattern  of  the  aliov. 


Udimet  703*  As  Cast 
Stchaat:  lulling'* 


Mag.:  SOOX 
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Tool  hlc  <  :vm  with  three  different  grades  of  HSS  end  milli  navmn 
2  in  flute  length*  are  *hown  in  Figure  194,  page  194.  The  tuol  life 
with  the  T15  HSS  cutter*  war  abnormal!.’  low  because  the  cutter* 
chipped  badly.  The  M2  HSS  enters  provided  a  tool  life  of  84  inches 
of  work  travel  at  a  cutting  *peed  of  11  feet/mmute.  while  the  M42 
HSS  cutters  provided  a  too!  life  of  96  inches  of  work  travel  at  a  cutting 
speed  of  IS  feet/minute.  The  relationship*  between  cutting  apeed  and 
tool  life  at  two  different  feeds  are  shown  in  Figure  199,  page  184,  for 
an  M42  HSS  cutter.  At  a  cutting  speed  of  19  feet/mmute.  the  t^ol  life 
at  a  feed  of  .  004  in.  /tooth  was  over  twice  that  obtained  at  a  feed  of 
.  002  in.  /tooth 
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It  is  interesting  to  note  in  Figure  !9t>,  page  185.  how  rapidly  the 
too!  life  increased  as  the  feed  was  increased  with  the  M42  HSS  cutters, 
while  with  the  M2  HSS  cutters  the  cutter  life  decreased  *s  the  feed 
was  increased  from  .  002  to  .  004  in.  /tooth.  The  data  shown  wert 
obtained  at  a  constant  cutting  speed  of  IS  feet/mmute. 


As  shown  in  Figure  197.  page  185,  even  at  a  feed  of  .002  in.  /tooth. 

the  cutter  life  decreased  drastically  when  the  deoth  of  »‘i*t  was  - 

increased  .‘rum  .  Gou  to  .  125  In.  For  example,  at  a  cutting  speed  of 

15  feet/mmute.  the  cutter  life  at  a  depth  ol  cut  of  .060  m.  was  96 

inches  of  work  travel  as  compsrtd  to  22  mchas  of  work  travel  at  a 

depth  of  cut  of  .  125  in. 

Tool  life  curves  with  stub-length  (I  in.  flute  length)  cutters  are  ehown  | 

in  Figure  198.  page  18b.  for  two  different  grades  of  HSS.  Note  that  at 

a  cutting  speed  of  15  feet /minute,  the  toot  life  with  the  M42  HSS  cutter 

was  205  inches  of  work  travel,  while  with  the  M2  HSS  cutter  the  tool 

life  was  25  inches  of  work  travel.  The  feed  was  .  002  in.  /tooth.  This 

feed  rate  waa  used  since  the  depth  of  cut  was  .  125  in. 

» 

A  comparison  is  mads  to  Figure  199,  ptge  186.  of  the  toot  life  curves 

obtained  with  I  in.  flute  length  cutters  and  cutter#  having  a  flute 

ieAfth  of  2  in.  Note  that  the  feed  was  .  002  is.  /tooth  and  the  depth 

of  cut  waa  .  125  in.  At  this  fessvitr  depth  of  cut.  the  cutter  having 

the  1  m.  flute  length  provided  a  tool  life  of  205  mchee  at  a  cutting 

apeed  of  15  feet/minute,  while  the  longer  cutter  provided  a  tool  life  | 

of  leaa  than  25  inches  of  work  trsvel. 

% 

The  stub  length  cutter  it  compered  with  s  cutter  with  the  2  in.  flute 

length  for  a  feed  of .  C04  in.  /tooth  sod  a  depth  of  cut  of  .  060  in.  m  * 
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Pc riohcrdl  Ervi  (302  BUN)  (<  onlin.,c<l) 


Figure  200.  pagi’  ift7.  N‘>te  that  at  a  cutting  speed  of  '0  fret /minut* 
the  too!  hie  with  the  cutter  having  a  1  in.  flute  lrng.h  was  132  inches 
as  compared  to  a  tool  life  of  72  inches  for  the  cutter  having  a  2  in 
flute  length. 

Several  new  types  of  carbides  have  been  made  available  to  the  industry. 
In  general,  these  new  types  of  carbides  contain  submicron  grams. 

Two  groups  of  inserts  made  from  these  materials  are  the  Baxtron-DBW 
and  Ramct  1.  A  comparison  is  shown  in  Figure  201.  page  1K7  of  the 
two  groups  with  a  C-2  grade  of  c»rbidc.  Note  that  t^ere  was  improve¬ 
ment  in  tool  life  For  example,  at  a  cutting  speed  of  200  feet/minute, 
the  tool  life  with  the  C-2  grade  of  carbide  was  ISO  inches  of  work 
travel  as  compared  to  160  for  the  Ramet  1  tool  and  192  inches  for  the 
Baxtron-DBW  tool.  Actually,  these  two  new  tool  materials  have  their 
best  application  in  those  operations  where  impact  on  the  tool  usual!* 
results  in  chipping  of  the  carbide.  In  the  instance  shown  in  Figure  201. 
the  feed  and  depth  of  cut  were  quite  small,  hence  chipping  was  not  a 
serious  problem.  Also  the  cl.  ping  of  the  insert  in  the  tool  holder 
was  not  satisfactory  for  feeds  aii-ve  about  .  002  m.  /;  -cth.  Hi '.re.  th*-se 
ne*v  tyoe  carbide  'H*  '•'“uid  r.ct  be  used  to  the;*  fullest  advar.U»*. 

From  the  results  shown  in  Figure  202,  page  188.  the  chlorinated  oil 
proved  to  be  far  superior  to  the  soluble  oil  in  peripheral  end  milling 
with  the  Baxtron-DBW  inserts.  For  a  tool  life  of  100  inches,  the 
cutting  speed  wn  two  snd  one-half  times  grester  with  the  chlorinated 
oil  than  with  the  soluble  oil. 

The  effect  of  depth  of  cut  on  tool  l>fe  when  using  the  submicron  carbides 
is  shown  in  Figure  203,  page  188.  It  is  quite  possible  that  the  large 
decrease  in  tool  life  with  an  increase  in  depth  of  cut  was  partially  due 
to  the  fact  that  the  tool  holders  available  for  this  operation  were  not 
satisfactory  for  the  higher  depths  of  cut.  Nevertheless,  the  results 
show  that  a  decrease  of  more  than  SO  percent  resulted  when  the  depth 
of  cut  was  increased  from  .  030  to  .  060  inches. 

An  interesting  comparison  is  made  tn  Figure  204.  page  189,  showing 
the  tool  life  results  with  the  submicron  carbide  cutters  at  a  feed  of 
.  002  in.  /tooth  snd  the  results  obtained  with  an  M42  HSS  cu*ter  at  a 
fc  -d  of  .  004  in.  /tooth.  Note  that  for  a  tool  life  of  approximately  100 
inenes  of  work  travel,  the  cutting  speeds  with  the  carbide  tool  were 
two  to  three  time*  faster  than  that  with  the  M42  HSS  tool.  However, 
it  should  be  pointed  out  that  th»  feed  with  the  carbide  tool  was  only 
half  of  that  with  the  HSS  tool. 


<§> 


•  • 


180  - 


•*  )  A<  Om  t'dim.-t  (i  >>nttnu«'d) 

K..d  Mill  Slo‘t;ng  (302  RUN) 

A*  s!-own  in  Figure  20t>.  page  IS?,  the  M42  MSS  cutter  provided 
considerably  longer  tool  life  than  the  M2  HSS  cutter  At  a  cutting 
.•peed  of  15  feet/minu"«*.  the  tool  life  wwh  the  M42  HSS  cutter  was 
84  inches  of  work  travel  as  compared  to  12  inches  of  work  travel 
with  the  M2  HSS  cutter 

The  results  presented  in  Figure  206.  page  190,  indicate  how  critical 
the  feed  rate  is  when  end  mill  slotting  this  alloy.  For  example,  at  a 
feed  of  .  002  in  /tooth,  the  tool  life  was  84  inches  of  work  travel. 
Approximately  a  40  percent  decrease  in  tool  life  resulted  when  the 
feed  rate  was  increased  to  .  003  in.  /tooth  and  also  when  the  feed  rate 
was  decreased  to  ,001*  in.  /tooth.  Several  interesting  comparisons 
are  shown  m  Figure  20?,  page  190,  regarding  the  effect  of  flute 
length  and  depth  of  cut  on  tool  life.  Note  for  example  that  when  the 
depth  of  cut  was  increased  from  .  06C  to  .  125  in.  ,  the  tool  life  with 
the  cutter  having  the  1  in.  flute  length  decreased  from  145  inches  of 
work  travel  to  107  inches  of  work  travel.  In  the  case  of  the  cutters 
with  the  2  in.  flute  length,  the  tool  life  decreased  from  120  incht*. 
war!  trtvv*  *o  <»>  ,uc:.r*  oi  wor*  travel.  Also  at  a  depin  of  -ut  of 
.060  in.  ,  the  1  in.  flute  length  cutter  provided  *  cutter  life  of  14 
•  nches  of  work  travel  as  compared  to  120  inches  of  work  travel  with 
the  2  in.  flute  length  cutter.  At  the  higher  depth  of  cut.  the  cutter 
life  with  the  1  m.  flute  length  was  10?  inches  ss  compared  to  85  inchea 
with  the  cutter  having  the  2  in.  flute  length. 


Dulling  (302  BHN) 

A  comparison  of  the  tool  life  results  obtained  with  two  different  grades 
of  HSS  drills  is  sh*nwn  in  Figure  208,  page  191.  At  a  cutting  speed  of 
15  feet/minute  and  a  feed  of  .  001  in.  /rev. ,  the  tool  life  with  the  M42 
HSS  drills  was  81  holea  ss  compared  to  50  holes  with  the  T15  HSS  drill. 

The  relationshto  between  drill  life  and  cutting  speed  for  two  different 
feeds  are  shown  in  Figure  209,  page  191.  The  result*  indicate  that 
a  faed  of  .  0C1  in.  /rev.  it  more  desirable  than  a  feed  of  .  005  in.  /rev. 
For  example,  at  a  cutting  speed  of  10  feet/minute,  the  drill  life  with 
the  feed  of  .001  in.  /rev.  was  182  holes,  while  at  the  asm*  cutting 
apead  but  at  a  fead  of .  005  in.  /rev.  the  tool  Me  was  54  holes. 
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(  *02  ni'N) 

As  shown  in  Figure  210.  page  192,  the  HSS  reamer  life  over  a  ranee 
of  catting  speeds  and  feeds  was  not  verv  long  The  best  reamer  hie 
was  25  holes,  obtain,  d  at  a  c  itting  speed  o!  iO  feet  /min»te  and  a  leed 
of  . 009  m. /rev. 

A  more  reasonable  reamer  life  was  obtained  with  a  carbide- tipped 
foui -flute  reamer  s^e  Figure  211.  page  1^2  With  this  re.  mer  at  a 
cutting  speed  of  10  reet/minute  and  a  feed  rate  of  0i5  in  /re*  .  .  the 
reamer  life  was  t)0  holes  This  feed  was  bettor  than  the  feeds  of 
.005  and  .009  in  /rev. 

An  interesting  comparison  of  the  cutter  lire  obtained  with  the 
carbide-tipped  and  tr.e  M33  HSS  reamer  is  presented  »n  Figure  212. 
page  193.  Note  that  at  a  cutting  speed  of  10  feet/mmate.  the  reamer 
life  with  the  carbide-tipped  four-flute  reamer  was  more  than  double 
that  obtained  with  the  M33  HSS  six- flute  reamer. 

Tapping  (302  RUN) 

The  importance  of  selecting  the  proper  machining  conditions  for 
tapping  as  cast  Udimet  700  is  clearly  demonstrated  in  Figures  213 
and  214,  page  194.  Note  in  Figure  211  how  the  up  life  increased 
from  b  holes  at  a  cutting  speed  of  IS  feet/minute  to  47  holes  at  S 
feet/minute  and  then  decreased  rapidly  at  the  cutting  speed  was 
reduced  below  S  feet/minute. 

Also  note  the  wide  range  of  up  life  valuea  obtained  for  the  various 
Ups  tested.  At  the  cutting  speed  of  S  feet'minate,  the  two-fli  te 
tundard  up  provided  a  up  life  of  47  holes,  while  the  maximum  tap 
life  for  any  one  of  the  other  upa  involved  was  2  holes. 
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RECOMMENDED  CONDITIONS  FOR  MACHINING 
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LIFE  -  NUMBER  OF  IIOI  FS 
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P  EAMINC  AS  CAST  I'DIM FT  700.  302  PfIS  1 

effect  or  cutting  speed  and  feed  pate 


REAMER:  LETTER  1  (.272")  DIA.  Mil  HSS  6-FLt’TE 
STRAIGHT  FLUTE 
CHAMFER  ANGLE:  45* 

CHAMFER  RELIEF:  7* 

FEED:  SEE  BELOW 

CUTTING  F  LUID:  CHLORINATED  OtL - 

DEPTH  OF  HOLE:  1/2"  THROUGH 
PILOT  HOLE  DIAMETER:  .250- 
TOOL  LIFE  END  POINT:  .  006"  WEAR 
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5,  4  Cast  Inconel  7  18.  As  Catt 


Alloy  Identification 

Inconel  718  it  a  precipitation  hardening  nickel  bate  alloy  which  exhibit* 
high  strength  at  elevated  temperature*  at  well  at  excellent  cryogenic 
characteristic*.  The  alloy  it  strengthen  i  primarily  by  the 
precipitation  of  columbium  intermetailict. 

The  material  ha*  the  following  nominal  composition: 

Ni-19Cr-18Fe-5.2CbtTa-5Mo-0.8Ti-0.  6A1-.06C 

Tlie  material  for  the  milling  teat*  wa*  procured  a*  2  in.  by  4  in. 
cast  bar*.  No  heat  treatment  wa*  performed  on  this  material  prior 
to  use.  The  ha rd.net a  of  the  material  wa*  269  BHN. 

The  micro*tructure  of  the  alloy  ia  evidenced  below.  The  nickel-rich 
matrix  contain*  irregularly- shaped  Lave*  phase*  and  blocky- shaped 
carbides  and  nitrides.  The  dark  acicular  phase  is  probably  NijCb. 


IacomI  718,  As  Cast 

Etchant:  Railing's  Mag.:  SOOX 
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IV  ip»r-«»l  F'i-1  Milling  I/'  *  H‘iN> 

T*»<il  hie  c  .fvf>  tit*,  thiee  deferent  grades  of  urbi^i  are  ihown 
ir.  Fic.ff  2«S.  page  19h.  Nett  tut  at  a  cutting  speed  of  ISO 
i.'.'t/mm  >te  aed  «  u  ed  <»t  002  in  /toot n  tne  two  new  wpes  of 

taibidr*  •  R««xti'>n-DBW  and  Rtmtt  1  --  prov  ded  the  longest  tool 
Ii»e.  T>e  *<x'l  l.lt  values  tor  lwe  Basfr  ,t-DBW,  Ramet  t  and  the 
C  J  grade*  of  ia*btde  were  iOO.  2'5  and  2IS  inthe*  of  wor«  travel. 
rr*pr:t,"tl«  at  *  t  .ttirg  speed  >t  ISO  feet/min.te.  At  a  higher 
<  jttinu  »perd  «»•  «f'0  tret/mirv-t*  me  toil  life  re»  .lt»  for  the 
C -2  (trade  o'  tarhidr,  Ramet  t  and  Bastron-DBW'  were  170.  1 S S 
and  70  .nc  rn  ot  woik  travel 

End  M  il  Slott: ng  (269  BHNj 

A  20  pe-cer.t  .ncrease  in  s  itting  speed  waa  obtained  by  using  the 
M42  HSS  t  diet  in  place  of  me  M2  HSS  cutter,  aee  Figure  216. 
page  1)8.  A  companion  of  the  two  tool  life  curves  shows  that  at 
a  cutting  speed  n!  tO  teet'm.nute.  the  tool  tile  with  the  M42  HSS 
sutler  was  110  as  compared  to  4)  incr.es  of  work  travel  with  the 
M2  HSS  cutter.  The  feed  used  in  end  mill  slotting  is  iomewhat 
critical.  Note  m  F  4  >re  2  l?  page  1)9  that  while  a  tool  life  of 
T*  inches  of  wotk  travel  was  obtained  at  a  feed  ot  .  092  in.  'tooth, 
the  to  j!  life  dropped  to  25  inches  at  a  feed  of  .  00)  and  tO  inches 
at  a  feed  of  .001  in.  /tooth.  The  cutting  speed  was  25  feet /minute. 
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6.  MACHINING  STAINLESS  STEEL 


b.  1  Greek  Aecoloy,  Qugncheri  and  Tempered 
Alloy  Identification 

Greek  Aecoloy  ie  a  chromium* nickel-tungetcn  alloy  eteel  uaed  in 
medium  high  temperature  application.  The  nominal  compoeition  of 
thia  alloy  ia  aa  followa: 

Fe-13Cr-3.  0W-2.0NI-.  3Mn*.  2S1-.  18C 

The  material  for  the  machining  teata  waa  procured  ae  2  in.  by  4  in. 
rectangular  bare  in  the  quenched  and  tempered  condition.  The  heat 
treatment  to  which  the  material  had  been  eubjected  waa  aa  followa: 

Auateuitize:  1850*172  hour  a /oil  quench 

Temper:  1100T/4  hour  a /air  cool 

The  reaulting  hardneaa  waa  352  BHN.  Aa  evidenced  below,  the 
microetructure  coaaiata  of  roughly  equiaxed  tempered  martenaite. 


Greek  Aecoloy,  Quenched  and  Tempered 
Ktchaatt  Kalling'e  Mag.t  SOOX 
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t>.  ]  Grcrk  A <c__Mnv.  Qiirnrhcd  and  Tampered  (continued) 


Turning  (3*^3  PHN) 

Note  in  Figure  218.  page  208.  that  a  tool  life  of  more  than  60 
minutes  was  obtained  at  a  cutting  speed  of  70  feet/minute  using 
an  M2  HS5  tool  at  a  feed  of  .  010  in.  /rev.  Using  a  C-6  grade  of 
carbide,  the  tool  life  was  22  minutes  at  a  cutting  speed  of  400 
feet/m  nute.  see  Figure  219,  page  208.  A  feed  of  .010  in.  /rev.  was 
also  used  with  the  carbide  tool. 


Face  Milling  (382  BHN) 

A  comparison  of  two  HSS  tools  is  shown  in  Figure  22  *,  page  209,  for 
face  milling  Creek  Ascoloy,  quenched  and  tempered  to  352  BHN. 

Note  that,  for  a  given  tool  life,  the  cutticg  speeds  with  the  M42  tools 
were  about  25  percent  higher  than  with  the  M2  HSS  tools.  For 
example,  at  a  tool  life  of  200  inches  of  work  travel,  the  cutting  speed 
with  the  M2  tool  was  80  feet/minute,  as  compared  to  100  feet  /minute 
for  the  M42  tool.  It  should  be  pointed  out,  however,  that  a  single¬ 
tooth  face  mill  was  used  at  a  feed  of  .  010  in.  /tooth. 

Figure  221.  page  209.  shows  the  relationship  between  feed  rate  and 
tool  life  at  a  cutting  speed  of  120  feet/minute  for  a  single-tooth 
cutter.  At  this  cutting  speed,  with  the  single-tooth  face  mill,  a  feed 
rate  of  .  003  in.  /tooth  was  the  best  of  the  three  feeds  used.  The 
tool  life  dropped  very  rapidly  when  the  feed  was  increased  to  .010 
in.  /tooth  and  decreased  about  30  percent  when  the  feed  was 
decreased  to  .006  in.  /tooth. 

A  highly  chlorinated  oil  provided  a  longer  tool  life  than  the  soluble 
oil  at  a  cutting  speed  of  100  .'eet/minute,  as  sh-twn  in  Figure  222, 
page  210,  Under  these  conditions,  the  tool  life  was  16S  inches  of 
work  travel  with  the  soluble  oil  and  24S  inches  of  work  travel  with 
the  highly  chlorinated  oil.  However,  it  should  be  pointed  out  that, 
when  milling  at  i  cutting  speed  of  100  feet/miaute  or  more,  problems 
could  arise  as  a  result  of  the  smoke  generated  by  the  oil,  especially 
with  multiple -tooth  cutters. 

A  comparison  of  the  tool  life  curves  obtained  with  a  single-tooth  and 
a  14-tooth  cutter  is  shown  in  Figure  223,  page  210.  The  cutter  life 
per  tooth  was  72  inches  of  work  travel  with  the  single-tooth  cutter 
and  41  inches  of  work  travel  per  tenth  for  the  14-tooth  cutter.  It 
should  be  noted,  however,  that  the  14-tooth  cutter  cat  a  total  of 
672  inches  of  work  travel.  Note  in  spite  of  the  fact  that  the  feed  with 
the  single-tooth  cutter  was  .  010  in.  /tooth  and  .  009  in.  /tooth  with 
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Face  Milling  (352  BHX)  (continued) 

the  multiple -tooth  cutter,  the  metal  removal  rate  waa  eleven  t.mea 
faater  with  the  multiple-tooth  cutter. 

The  M42  HSS  multiple -tooth  cutter  provided  a  slightly  higher  tool 
life  than  the  M2  HSS  cutter.  For  example,  at  a  tool  l>fe  of  16 
inches  of  work  travel  per  tooth,  the  M42  HSS  cutter  permitted  a 
5  percent  higher  cutting  apeed  than  the  M2  HSS  cotter  see  Figure 
224  page  211. 

As  shown  in  Figure  22S.  page  211.  the  magnitude  ot  the  feed  rate 
waa  not  critical  over  the  range  shown.  Note  at  the  cutting  speeds 
shown  in  the  chart,  namely  110  and  125  leet /minute,  the  decrease  in 
tool  life  with  the  multi  pie -tooth  cutter  was  less  than  10  perren*  wh»» 
the  feed  rate  was  increased  from  .  005  to  .  008  in.  /tooth. 

Face  milling  Greek  Ascoloy  in  the  quenched  and  tempered  condition 
(352  BHN)  waa  particularly  poor  with  carbide  tools  because  of  the 
tendency  of  the  carbide  to  chip.  As  a  result  of  the  chipping,  tool  life 
waa  low  and  somewhat  erratic.  Also,  as  shown  .n  Figure  226. 
page  212.  the  selection  of  cutting  speed  was  critical.  For  example, 
at  a  cutting  speed  of  250  feet/minute,  the  life  of  the  single-tooth 
cutter  was  2/5  inches  of  work  travel.  Increasing  or  decreasing  the 
cutting  speed  resulted  in  a  marked  drop  in  tool  life.  While  this  may 
be  expected  when  increasing  the  cutting  speed  to  450  feet/minute,  it 
ie  unusual  when  decreasing  the  cutting  speed.  Also  the  tool  life 
was  even  more  erratic  and  much  lower  when  a  soluble  oil  was  used. 

The  C-6  grade  of  carbide  provided  appreciably  longer  tool  life  than 
the  C-2  grade;  tee  Figure  227.  page  212.  As  a  matter  of  fact,  fcr 
a  given  tool  life,  the  cu.ting  speeds  with  the  C-b  grade  were  about 
10  percent  taster  than  with  the  C-2  grade.  Note  in  Figure  228. 
page  211,  that  at  the  cutting  speed  of  250  feet/minute  for  the  condi¬ 
tions  shown,  the  tool  life  dropped  rapidly  when  the  feed  was  increased 
from  .  005  to  .  008  in.  /tooth. 

The  effect  of  tool  geometry  on  tool  life  is  indicated  in  Figures  228 
and  210.  pages  211  and  214.  Note  la  Figure  228  that  at  a  feed  of 
.008  in.  /tooth  the  single-tooth  cutter  having  the  5*  positive  asial 
rake  and  S*  negative  radial  rake  angles  provided  the  longest  tool  life 
as  compared  to  a  double  negative  or  a  double  positive  tool  geometry, 
while  at  a  feed  of  .  005  in.  /tooth  (Figure  210).  the  tool  life  with  the 
cutter  having  the  5*  double  positive  rake  angles  was  slightly  greater 


<§> 

i 

& 


*  » 


i 


ft 


ft  • 


ft 


» 


ft 


•  202  - 


Grrvk  A*toloy.  Quenched  end  Ti-h'.  r><»re*j  (continued) 


Face  M.lling  (352  DHN)  (continued) 

than  the  one  with  the  5*  positive  axial  rake  and  5*  negative  radial 
rake  angles  at  a  feed  of  .  005  in.  /tooth. 

The  problem  of  chipping  of  the  carbide  tool  increased  when  the 
multiple-tooth  cutter  was  used.  Hence,  the  feed  had  to  be  reduced 
to  .005  in.  /tooth.  A  tool  life  curve  was  obtained  as  shown  in  Figure 

231.  page  214,  for  a  six- tooth  cutter  with  double  negative  and  double 
positive  rake  angles.  The  cutter  with  the  5*  negative  axial  and  radial 
rake  angles  was  superior  to  the  one  having  the  positive  rake  angles. 
This  superiority  existed  over  a  range  of  feeds  as  shown  in  Figure 

232.  page  215.  Note  also  that  the  tool  life  did  not  change  aoorecishly 
as  the  feed  rate  increased  frc*n  .  0C3  to  .  wo5  in.  /tooth. 

The  chipping  of  the  carbide  tool  was  primarily  the  result  of  the 
chips  welding  to  the  cutting  edge  of  the  tool.  Hence,  an  investigation 
was  made  regarding  the  use  of  various  types  o'  cutting  fluids  to 
alleviats  this  situation.  As  shown  in  Figure  233.  page  215.  the  tool 
life  with  the  soluble  oil  was  even  lees  than  that  cutting  dry.  However, 
the  chlorinated  oil  did  provide  a  tool  life  that  was  double  that 
obtained  while  cutting  dry.  Nevertheless,  it  may  not  be  practical 
to  use  this  cutting  oil  since  smoke  is  generated  end  an  exhauat  system 
would  havo  to  be  used  to  make  the  operation  practical. 

Tool  life  curves  showing  the  relationship  between  cutter  life  and 
cutting  apeed  for  two  different  feeds  while  cutting  dry  are  shown 
in  Figure  234.  page  216.  Note  that  ••  the  cutting  speed  was 
increased,  the  tool  life  per  tooth  increased  to  about  70  inches  of 
work  travel  per  tooth  at  a  speed  of  350  feet/mlnuto  and  a  fead  of 
.  005  ia.  /tooth.  Increasing  the  speed  beyond  this  point  resulted  la 
a  decrease  ia  tool  life. 

Aa  interesting  comparison  in  made  la  Figure  23$.  page  216.  between 
a  single-tooth  carbide  cutter  aad  a  six -tooth  carbide  cottar.  No  to 
that  with  the  multiple *tooth  cutter  the  maximum  tool  lift  was  ISO 
laches  of  work  travel  per  tooth  at  a  cutting  speed  of  ISO  feet/mlante. 
This  amounted  to  900  inches  of  work  travel  ia  total  for  the  multiple* 
tooth  cutter.  The  single -tooth  cutter  provided  a  tool  life  of  100 
laches  of  wor*  travel  at  a  cutting  speed  of  about  S40  feet /minute. 


-  205  - 


i 


« 


< 


< 


« 


i 


i 

j 

i 

i 

> 

i 

? 


✓ 


6.  1  Creek  Ascoloy,  Quenched  and  Temixrcd  (continued) 

Peripheral  End  Mi  Him  OS2.BHN) 

A  curve  showing  the  relationship  between  tool  life,  in  termt  of  inches 
'  of  work  travel,  versus  cutting  speed  is  shown  m  Figure  23b,  page  217. 
for  a  1  in.  diameter  M42  HSS  end  mill.  Note  that  at  a  cutting  speed 
of  ISO  feet/minute  and  a  feed  of  .  003  in.  /tooth.  S00  inches  of  work 
was  machined  before  the  cutter  required  regrinding. 

A  comparison  of  an  M42  and  an  M2  HSS  end  mill  is  shown  in  Figure 
237,  page  217.  The  cutting  speed  was  200  feet/minute  over  the  range 
of  feeds  used.  At  a  given  feed  rate,  the  M42  HSS  cutter  produced 
#hou»  20  percent  longer  tool  life  than  the  M2  HSS  end  mill. 

End  Mill  Slotting  (3S2  BHN) 

Tool  life  curves  for  both  the  M2  HSS  and  M42  HSS  end  mills  are 
presented  in  Figure  238,  page  218.  Note  that  for  a  given  tool  life 
the  cutting  speeda  with  the  M42  HSS  end  mill  were  10  percent  higher 
than  the  M2  HSS  end  mill. 

Ae  shown  in  Figure  239.  page  218.  aa  the  feed  was  increased  from 
.001  to  .  002  in.  /tooth,  the  tool  life  dropped  from  190  inches  of  work 
travel  to  130  inches  of  work  travel.  Increasing  the  feed  still  further 
to  .  004  in.  /tooth  resulted  in  decreasing  tool  life  to  8$  inches  of  work 
travel. 


grilling  (321  BHN) 

Good  tool  life  was  obtained  with  both  the  Ml  and  M42  HSS  drilla  at 
reasonably  high  cutting  speed.  For  example,  aa  shown  In  Figure  240. 
page  219,  at  a  cutting  speed  of  70  feet/minute  the  wool  life  with  the 
Ml  HSS  drill  was  215  holaa.  With  the  M42  HSS  drill,  the  tool  life  wae 
over  250  holee  at  a  cutting  speed  of  75  feet/minute. 

A  chlorinated  oil  ptv-ided  about  a  7  percent  increase  in  cutting  speed 
over  a  chemical  emulsion  in  drilling;  act  Figaro  241,  page  219. 


Reaminn  (321  BHN) 

Tool  Ufo  curves  are  presented  in  Figure  242.  paga  220.  for  both  M2 
and  Mil  HSS  reamers.  Not#  that  the  tool  life  was  almost  the  same 
for  both  grades  of  HSS. 
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6.  1  Greek  A«coloy.  Quenched  and  Tempered  (continued) 


Tapcing  (321  BHN) 

Aa  shown  in  Figure  243,  page  220,  unlese  an  active  chlorinated  oil 
waa  used,  both  the  cutting  speed  and  tap  life  was  very  low.  For 
example,  at  a  cutting  speed  of  10  feet/minute,  the  tap  life  with  a 
soluble  oil  was  24  holes.  With  the  sulfuriaed  oil  at  a  cutting  speed 
of  40  feet/minute,  the  tap  life  was  37  holes,  while  with  a  chlorinated 
oil  250  holes  were  tapped  at  a  cutting  speed  of  70  feet/minutc. 


TABLE  XVI 


RKCOMMKNDKD  CONDITIONS  FOR  MACHINING 


.tL'MSrti £81**  *1' 


M4I  HU  14  rourw  WA<  I  mu  t. 


strtMin/jss*  -  ohm 
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7.  distop  tips  am)  BrsiD'A:.  srpr«o  studies 
OF  MU  1  FDAND  CPCH'ND  St *P  FACES 


The  reeulta  of  vinou*  milling  and  surface  grinding  conditions  in  producing 
distortion  and  residual  stresses  were  determined  using  four  allors:  ultra 
high  strength  steel  HP  *  4-4*  (SI  Rc).  Ti-6A1-4V  beta  rolled  (322  BHN). 
Tt-6Al-2Sn-4Zr-2Mo  (321  BHN).  and  Inconel  *2*  (200  BHN). 

first  Treatment  and  Test  Specimen  Preparation 

The  H*3  9-4-4*  allo>  was  received  from  the  mill  in  the  normalised  condition. 
A  mar  tempered  state  was  prod  iced  by  heating  specimen  blanks  to  I47**F. 
holding  for  i/4  hour,  transferring  to  a  furnace  at  47**F.  holding  for  7  hours, 
followed  by  air  cooling  to  room  temperature  The  resulting  hardness  was 
51  *c. 

Both  of  the  titanium  alloys  were  received  in  the  heat  treated  condition.  The 
Ti- PA1-4V  beta  rolled  was  aged  two  hours  at  )100*F  followed  by  an  air 
cool,  and  the  Ti-bAl-2Sn- 42r -2Mi»  was  given  a  standard  duplex  anneal  of 
lb*0*F  for  one-half  of  an  hour,  air  cool,  then  one-quarter  of  an  hour  at 
I450*F  with  an  air  cool.  The  reaultmg  hardness  was  )22  BHN  and  U1  BHN 
respectively. 

The  Inconel  *2*  was  annealed  by  heating  to  lb*0*F.  holding  for  1/4  hour, 
then  air  cooling.  A  hardness  of  200  BHN  was  obtained. 

t«  the  preparation  of  the  test  specimens,  care  was  exercised  to  assure 
uniform  quality  and  composition.  A  "low  stress'*  grinding  technique  was 
used  fur  finish  grinding.  The  specimens  ware  1/4  in.  wide.  4-1/4  is.  lung, 
with  '♦  thickness  of  .  070  in.  for  grinding  and  .  100  in.  for  milling  t  ste.  A 
sketch  v*  the  specimen  geometry  is  shown  in  Figure  244.  page  22S.  The 
sample  iVcknsss  after  test  machining  was  .040  in.  fur  all  specimens. 

aitwnsft  f 

The  curvature  o (  each  specimen  soar  a  I.  9  la.  gags  length  was  measured 
before  aad  after  test  machining.  A  sketch.  Figure  249.  page  224.  shews 
how  die  defection  measurements  warn  shtaiasd  an  this  fixture.  Through 
this  procedure  the  change  la  curvature,  ur  the  distertloo  resulting  from  the 
machining  operation,  was  obtained. 


“  I  iian.oran  -7TTT . 


Besidual  stress  analyses  wars  mads  aa  selected  Mat  specimens  from  the 
distortion  studies  to  determine  the  types  aed  magnitude  of  the  stresses 
induced  by  milling  ar  grinding. 


at  • 


Di  »*ort  ion  and  Residual  >trr«*  Analym  Priced  ire  (c  ont.in  .*dl 


ft 


The  procedure  used  in  the  stress  analysis  «ti  one  of  progrr ssively  etching 
off  the  test  surface  in  uniform  amall  inc  rrments  and  noting  t.ne  t -arjr  ,n 
defection  of  the  specimen.  For  the  HP  <*-4-4S  and  t.tamum  alloys.  etching 
was  accomplished  by  irnmfrung  the  ape  c  imens  in  ac  id  solution  after  coating 
the  back  of  eafch  apecimen  with  lacquer.  A  aolution  of  2 O’".  UNO)  waa  used  for 
the  HP  **-4-45  and  one  of  10*#  HF  for  the  titanium  allcrva. 

It  waa  necessary  to  uae  an  electrolytic  technique  for  the  removal  of  layer* 
from  the  Inconel  625  apecimena.  The  electrolyte  was  a  25*»  MCI  solution 
Figure  246.  page  225.  shows  the  aetup  uaed  for  the  electrolytic  etching 

Deflection  measurements  after  each  etching  step  were  made  using  the  aame 
fixture  as  in  the  distortion  studies.  The  thickness  of  the  sample  was 
measured  to  the  nearest  .  0001  in.  with  an  indi  attng  micrometer  The  depth 
of  stock  removed  versus  change  in  deflection  data  were  then  used  to  calculate 
the  residual  stresses  at  any  depth  below  the  surface  of  the  specimen  The 
uniaxial  stress  in  the  long.tudinal  direction  of  the  test  specimen  was  cal¬ 
culated  using  an  equation  developed  by  F  Stabletn.  * 


S 
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3L2 


<h-V*  (; 

H;)  -  4<H  h»>  •  *<V„l  •  1  . 

V 

/n 

J 

where: 


Sn  *  Residual  stress,  pounds /square  inch 

H  «  Initial  thickness  of  the  test  specimen,  inches 

h  a  Stock  removed  to  any  depth,  inches 

f  >  Deflection  of  specimen  at  any  depth,  inches 

fQ  a  Initial  deflection  of  the  t  «t  bar,  inches 

L  a  One-half  gage  length,  inches 

E  •  Modulus  of  elasticity,  pounds/square  inch 

df  s  Slope  at  any  point  on  delfection  versus  stock 
Uh  removed  curve. 


sub-n  •  Readings  after  subsequent  etchings 
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*  Stablein,  F.  -  "Spannungsmcssungen  an  smsertig  abgeloschten  Knuppetn"  - 
Kruppsche  Monatahefta.  Vol.  12  (1931)  pp.  93-91. 


•  222  • 


ft 


riftff  H4 


ELECTROLYTIC  APPARATUS  USED  FOR  DIFFERENTIAL  ETCHING  OF 

RESIDUAL  STRESS  SPECIMENS 
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"> .  1  Ultra  High  Strength  Steel  HP  9-4-45.  St  Pc 

Face  Milling  »  Carbide  Cutter 

The  distortion  produced  by  using  *  C*b  (J?0)  carbide  cutter  with 
various  decrees  ot  tool  me*  r  land  m  a  hour  n  in  Figure  247.  page  2)2. 

For  a  0.  040  in.  depth  of  cut.  increasing  tool  wear  produced  mire 
distortion  with  both  dry  cutting  and  soluble  oil  as  the  cutting  fluids. 
However.  '.he  0.  010  in  depth  of  cut  when  cutting  dry  showed  maximum 
distortion  at  the  intermediate  wear  land  of  0.  016  in.  and  the  same 
distortion  with  a  sharp  cutter  as  with  one  having  0  0)2  in.  wearland. 

The  residual  stress  curves  obtained  with  different  degrees  of  tool 
wear  can  be  found  in  Figure  248,  page  2)2.  Cutting  was  done  dry 
with  a  0.  C'10  in.  depth  of  cut.  For  all  three  wearland  conditions, 
some  tensile  stresses  were  found  at  the  surface,  decreasing  rapidly 
to  maximum  compressive  stresses  at  .  001  002  in.  below  the  surface. 

As  will  be  noted,  the  main  portion  of  the  stressed  layer  is  compressive 
in  nature.  The  largest  tool  wearland.  0.032  in.,  produced  the  highest 
tensils  stress  at  the  surface.  40,000  psi.  the  largest  compressive 
stress  below  the  surface,  over  70,000  psi,  and  the  greatest  depth  of 
penetration  of  the  compressive  stressed  layer,  0.  011  in. 

The  effect  of  cutting  fluid  and  depth  of  cut  may  be  seen  in  Figure  249. 
page  233.  A  higher  maximum  compressive  stressed  condition  resulted 
with  soluble  ot'  as  the  cutting  fluid  than  cutting  dry,  but  the  depth  oi 
penetration  was  about  the  tame  ia  both  casts.  Increasing  the  depth  of 
cut  from  .010  in.  to  .  040  in.  had  relatively  little  effect  on  the 
characteristics  of  the  residual  stress  curves. 

Surfscs  finish,  in  terms  of  microtnches  AA.  for  ths  various  cutting 
conditions.  Is  given  tn  Table  XVH. 

Tact  Milling  •  H53  Cutter 

Distortion  and  residual  stress  curves  for  face  milling  HP  9-4-4$ 
with  an  MSS  cutter  are  shown  in  Figurer  250.  251  and  252.  pages  233 
and  234.  Distortions  at  various  wearland  values  were  obtainsble  only 
when  milling  dry.  Abo.?  the  some  degree  of  distortion  wss  produced 
at  the  .0U  in.  and  .  032  in.  wearlaads.  A  sharp  cutting  tool  gave  the 
loast  distortion,  sso  Figurs  250.  page  £33.  With  a  sharp  cutter, 
milling  with  a  greater  depth  of  cut  or  with  a  highly  chlorinated  oil  yielded 
about  the  earns  distortion. 

Ths  residual  stress  cur  /*»  with  various  tool  wearlaads  are  snow  a  m 
Figure  211,  pngs  234.  As  will  bn  noted,  ths  residual  stresses  srs 
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7.  1  t’ltra  High  Strength  Steel  HP  5  4-45.  Martempered.  51RC  (continued) 


I 


Face  Milling  -  HSS  Cutter 


(continued) 


predominantly  compressive  with  about  the  earn*  stress  pattern  at 
0.01b  in.  tool  wearland  aa  with  0.0)2  in.  wearland.  The  thorp  cutting 
tool  produced  only  a  •  hallow  stressed  layer. 


Figure  252,  page  234.  ahowa  three  reaidua)  atreaa  curves-  two  for 
milling  dry  with  different  depthe  of  cut  and  one  for  milling  when  using 
highly  chlorinated  oil  aa  the  cutting  fluid.  In  all  three  caaea,  a  sharp 
cutter  waa  used. 


A  summary  of  surface  roughness  values  obtained  when  milling  with 
T15  high  apeed  steel  is  given  in  Table  XVUI. 


So rface  Crindint 


The  primary  purpose  of  the  grinding  atudits  was  to  show  the  effect  of 
wheel  grade,  wheel  apeed.  down  feed  and  grinding  fluid  on  the  resulting 
distortion  and  residual  stresses  produced.  Graphs  covering  this  phase 
of  the  work  may  be  found  in  Figures  2$3  through  261.  pages  235 
through  239. 


As  will  be  noted  in  Figures  253  and  254.  page  235,  increasing  the  wheel 
speed  increases  the  distortion,  with  the  greatest  distortion  being 
associated  with  large  down  feeds.  Aa  tha  wheel  hardness  is  increased 
from  the  K  to  the  K  grade,  the  dietortioa  la  increased;  eee  Figure  253. 
page  235.  With  reference  to  Figure  *54.  pege  235,  it  will  be  observed 
that  at  a  down  feed  of  .  002  in.  /pass  and  •  wheel  apeed  of  6000  feet  per 
minute,  the  use  of  highly  chlorinated  oil  gave  more  distortion  than  did 
soluble  oil  or  highly  sulfurised  oil. 


Residual  stress  curves  associated  with  a  number  of  theee  grinding 
conditions  are  shown  in  Figures  255  through  261.  pages  236  through 
239.  With  the  soft  32A46K8V3C  wheel,  increasing  the  wheel  speed 
from  4000  feat/miaute  to  6000  feet /minute  increased  the  magnitude  of 
the  tensile  residual  atressee;  eee  Figure  215,  page  236. 


Figure*  256  tad  257,  page*  236  and  237,  UluntrsM  the  effect  of  the 
harder  wheel  grade,  32A46K8VBC.  in  net  only  the  magnitude  of  the 
tenaile  stresses  but  also  the  depth  to  which  tensile  stresses  were 
found  for  two  different  down  feed  conditions.  Maximum  tenaile 
stresses  of  over  10,  OuO  pel  and  depths  ef  penetration  la  excess  of 
0. 004  in.  were  obtained.  It  will  be  noted  that  when  the  wheel  speed 
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7.  1  Ultra  High  Strength  Steel  HP  9-4-45.  Mtrlfnpyffd,  SI  R,  (contin-.fd) 


Surface  Grinding  (continued) 

«ai  increased  from  4000  feet/minute  to  fcOOO  feet/minute  there  «aa  no 
significant  increase  in  the  residual  stresses.  The  "low  stress"  down 
feed  involves  the  removal  of  the  .010  in.  of  material  at  .  0005  in  /pass 
for  the  first  .008  in.  and  for  the  last  .  002  in.  two  passes  at  .  0004 
in.  /pass,  with  the  final  six  passes  of  .  0002  in.  /pass. 

The  usa  of  a  "low  stress"  down  feed  condition  markedly  reduced  the 
residual  stress  condition  at  wheel  speeds  of  4000  feet/minute  and 
6000  feet/minute.  In  fact,  the  residual  stresses  in  the  sample  ground 
at  6000  feet/minute  were  less  than  those  found  in  the  one  ground  at 
4000  feet/minute;  see  Figure  258,  page  237. 

When  a  comparison  is  made  of  the  residual  stress  patterns  produced  by 
using  wheels  of  three  different  hardness  levels.  Figure  259.  page  238. 
the  pronounced  tendency  to  produce  higher  tensile  stresses  and  a 
greater  depth  of  penetration  of  such  stresses  is  readily  evident  A 
"low  stress"  down  feed  produces  low  residual  stresses.  As  may  be 
seen  in  Figure  260.  page  238.  increasing  the  down  feed  gives  rise  to 
higher  tensile  residual  stresses.  In  Figure  261.  page  239,  the  residual 
stress  pattern  produced  by  using  a  soft  wheel,  low. wheel  speed,  highly 
sulfurised  oil  and  a  "low  stress"  down  feed  may  be  observed.  Here  a 
predominantly  compressive  stress  was  obtained. 

The  surface  finish  in  surface  grinding  the  HP  9-4-45  steel  averaged 
about  10  microinches  AA  in  the  direction  parallel  to  the  grind  and  15 
to  25  rnicroiaches  AA  perpendicular  to  the  grinding  direction. 

A  summary  of  the  surface  finishes  produced  is  given  in  Table  XIX. 
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table  xvit 

SURFACE  ROUGHNESS  PRODUCED  BY  FACE  MILLING 
HP  9*4-45  MARTEMPERED  sTRr 

Cutter:  4"  Die.  Single* Tooth  Face  Mill 
With  C-6  (370J  Carbide 

AR:  -7*  Incl. :  0* 

RR:  -7*  ECEA:  0* 

^5*  Clearance:  8* 

TR:  -10* 

Cutting  Speed:  150  feet/minute 
Feed:  .  008  in.  /tooth 


Surface  Finish  • 
Microinchee  AA 


• 

Cutting  Fluid 

* 

Depth  of 
Cut 

(inches) 

Wearland 

(inches) 

Parallel  to 
Cutting  Direction 

Perpendicular 
to  Cutting 
Direction 

i 

Dry 

.010 

0 

12-14 

30*35 

0.016 

6-7 

65*68 

0. 032 

5-8 

20*25 

f 

Dry 

.040 

0 

6-12 

25-30 

0.016 

10-12 

25-30 

0. 032 

1-12 

35-38 

« 

Soluble  Oil 
flt20) 

.040 

0 

0.016 

•-14 

7-12 

22-23 

70-78 

• 

0.032 

t- 12 

38-44 

« 


TABLE  XVE[1 


SURFACE  ROUGHNESS  PRODUCED  BY  FAC-.  MILLING 
HP  9*4-45  MAR  TEMPERED  SI  Rc 

Cutter:  4"  Die.  Single-Tooth  Face  Mill 
With  T15  HSS 

AR:  5*  IncL :  0* 

RR:  5*  ECEA:  0* 

CA:  45*  Clearance:  8' 

TR:  7* 

Cutting  Speed:  70  feet/minute 
Feed:  .  005  in.  /tooth 


Cutting  Fluid 

Depth  of 
Cut 

(iuchee) 

Wear  land 
(inchea) 

Dry 

.010 

0 

0.016 

0.  0J2 

Dry 

.040 

0 

Highly 

Chlorinated 

.040 

0 

Oil 


Surface  Finiah  - 
Microinchee  AA 


Parallel  to 
Cutting  Direction 

Perpendicular 
to  Cutting 
Direction 

22-25 

45-50 

11-20 

2S-J2 

10-1) 

50-60 

25-J0 

55-60 

20-25 

ST -42 

TABLE  XIX 


SURFACE  ROUGHNESS  PRODUCED  BV  /JRFACE  GRINDING 
HP  9.4-45  MARTEMPV'D  -!9  R ^ 

Cross  Speed:  .050  inches /pass 

Table  Speed:  40  feet/minute 

Depth  of  Grind:  .  010  in. 

Surface  Finish  - 
Microinches  AA 


Down 

Parallel  to 

Perpendicular 

Feed 

Cutting 

Wheel 

Grinding 

to  Grinding 

Wheel 

(Inches) 

Fluid 

Speed 

Direction 

D  rection 

32A46H8VBE 

.002 

Soluble 

2000 

9-12 

30-34 

Oil  (1:20) 

4000 

10-13 

22-27 

4000 

14-19 

33-37 

32A44K8VBE 

.002 

Soluble 

2000 

4-8 

15-18 

Oil  (<:20) 

4000 

8-13 

28-34 

4000 

10-14 

23-28 

.001 

Soluble 

2900 

7-10 

23-27 

Oil  (1:20) 

4000 

7-1 1 

21-32 

4000 

4-9 

20-24 

LS 

Soluble 

2000 

5-4 

13-17 

Oil  (1:20) 

4000 

4-9 

14-19 

4000 

5-7 

13-14 

.002 

Highly 

Chlorinated 

Oil 

4000 

10-14 

30-34 

.002 

Highly 

Sulfurited 

Oil 

4000 

7-11 

20-33 

32A44H8VBE 

LS 

Highly 

2000 

5-4 

23-30 

SuUuristd 

Oil 

4000 

5-7 

15-19 

4000 

5-4 

15-19 

32A44N8VBE 

.002 

Soluble 

Oil  (1:20) 

4000 

7-10 

20-23 

Ak±M*5#  *jt  Ti.*  « 


RESIDUA  I  STRESS  •  KSI 


DEPTH  BELOW  SURTACE  •  INCHES 
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Face  Milling  -  Carbide  Cuttr  r 

The  effect  of  tool  wearland  and  type  of  cutting  fluid  on  the  distortion 
when  using  type  C-2  carbide  cutter  is  shown  m  Figure  2t2,  page  247. 

In  all  cases,  the  greatest  distortion  occurred  at  the  intermediate 
degree  of  tool  wear  (.016  in.  tool  wearland).  The  heavy-duty  chemical 
emulsion  cutting  fluid  gave  less  distortion  than  the  barium  compounded 
oil  or  the  dry  cutting  conditions.  The  negative  sign  of  the  deflection 
readings  indicates  the  introduction  of  compressive  stresses  by  the 
machining  operation.  The  depth  of  cut  appears  to  have  only  a  minor 
effect  on  the  distortion  produced.  At  .01b  in.  wearland,  the  distortion 
is  e>  ‘enaive,  .  070  to  .  100  in.  in  a  3.  5  >n.  span,  while  •  tool  with  twice 
the  wearland  gave  distortions  of  the  same  order  of  magnitude  as  that 
found  when  using  a  sharp  tool. 

Residual  stress  determinations.  Figures  263  and  264,  pages  247  and 
248.  show  the  order  of  magnitude  and  depth  of  the  more  highly  stressed 
layer.  With  a  sharp  cutter,  a  maximum  of  SO,  000  pai  compress. ve 
stress  '"as  found  at  .  001  in.  depth,  and  the  compreasive  layer  only 
extended  to  a  depth  of  .  002  in. ;  ace  Figure  263.  page  247.  The  inter¬ 
mediate  wearland  condition  (.  016  in. )  did  not  yield  aa  high  a  stress 
level,  but  did  result  in  the  stress  tayer  extending  to  a  much  greater 
depth.  .010  in.  The  .  032  in.  wearland  had  a  stress  depth  of  .  004  in. , 
which  was  less  than  that  for  the  .016  in.  wearland;  see  Figure  263. 

The  effect  of  changing  cutting  fluid  conditions  may  be  observed  in 
Figure  264.  Dry.  heavy-duty  chemical  emulsion,  and  barium 
compounded  oil  are  compared.  In  all  these  cases,  a  more  highly 
stressed  compressive  layer  exists  to  a  depth  of  about  .  010  in. .  with 
a  maximum  stress  of  36, 000  to  38, 000  pat  occurring  .  003  to  .  004  in. 
below  the  surface.  All  three  curves  sre  similar  in  characteristics. 

At  the  surface,  no  streso  wsa  found  when  uoing  either  dry  cutting  or 
o  barium  compounded  oil,  while  20,000  psi  compression  eras  observed 
when  nulling  with  the  Hsavy-duty  chemical  emulsion. 

Surface  roughness  readings  are  listed  in  Table  XX  for  csrbidt  cuttero. 
Face  Mtllins  -  HSS  Cutter 

Distortion  sad  residual  stress  results  obtained  with  s  T19  HSS  cuttsr 
under  various  tool  wear  and  cutting  fluid  conditions  are  presented 
graphically  in  Figures  269  sad  266,  pages  248  and  249.  As  the  tool 
wear  increased,  the  distortion  increased  in  the  compressive  direction; 
see  Figure  269.  The  reeideal  strosa  curves  obtained  for  various 
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Facr  Milling  -  HSS  Cutter  (continied) 

drgrcrs  of  tool  wtcr  when  using  a  heavy-duty  <-hem,cal  emulsion 
cutting  fluid  are  shown  in  Figure  266.  A  sharp  cutting  tool  limited  the 
compreaaive  stressed  layer  to  within  .  003  in.  of  the  surface,  while 
wear  on  the  tool  (.016  and  .  032  in.  wearlands)  yielded  t orr.pressive 
stresses  to  a  depth  of  .  010  in. 

It  will  be  noted  that  the  residual  stress  curves  for  the  .016  and  .  032  in. 
wearland  conditions  exhibit  only  minor  differences,  results  which  are 
consistent  with  the  distortion  values.  Maximum  compressive  stresses 
produced  ranged  from  36.000  to  46.000  psi. 

At  .016  in.  wearland  and  .  040  in.  depth  of  cut.  a  comparison  of 
cutting  fluids.  Figure  26?.  piige  249,  showed  the  heavy-duty  chemical 
emulsion  producing  more  distortion  than  either  the  barium  compounded 
or  the  highly  chlorinated  oils.  Even  though  the  resiCual  stress  curves 
associated  with  these  conditions  do  not  differ  greatly  (Figure  2b?). 
the  area  under  the  stress  curve  for  the  heavy-duty  chemical  emulsion 
is  somewhat  greater  than  that  found  when  using  the  other  two  fluids. 

Surface  roughness  readings  are  listed  in  Table  XXI  for  HSS  cutters. 


Surface  Grinding 

The  effects  of  wheel  grade,  down  feed,  wheel  speed.  a.:d  grinding 
fluid  on  the  distortion  and  residual  stress  patterns  were  investigated; 
see  Table  XXU.  U  will  be  noted  in  Figure  268.  page  230.  that 
increasing  the  wheel  speed  increases  the  distortion  in  the  direction 
associated  with  tensile  stresses.  In  general,  a  softer  H*  grade  wheel 
gives  less  distortion  that  the  harder  J  or  K  grades  in  both  the  silicon 
carbide  (39C60)  and  aluminum  oaide  (32A46)  types.  All  of  these  tests 
were  run  with  KNOg  (1:20)  as  the  grinding  fluid.  Greater  distortion* 
indicating  a  greater  stressed  condition,  occurs  when  using  an 
aluminum  onide  wheel  in  place  of  a  silicon  carbide  wheel  of  the  same 
hardness. 

In  Figure  269.  page  250.  the  effect  of  the  three  grinding  fluids 
highly  chlorinated  oil.  highly  sulfuriaed  oil.  and  KNOj  (120)  ••  on 
the  resulting  distortion  is  shown.  Only  at  high  wheel  speeds.  6000 
feet/minute,  was  a  noticeable  difference  o burned.  At  this  speed, 
highly  chlorinated  oil  gave  the  greatest  distortion. 
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Surface  Grj_rvhn^  (cont.nued) 

A  bar  graph  tn  Figure  270.  page  251.  summarises  the  distortion 
results  at  2000  and  4000  feet/minute  wheel  speeds  lor  varto  .»  down 
feeds  and  grinding  fluid*  when  using  the  JICiOHSVK  ailicon  carbide 
wheel.  The  greater  down  feeds  usually  gave  some  increase  in 
deflection  in  the  direction  which  would  indicate  compressive  stresses 
in  the  surface  layer. 

The  residual  stress  profiles  for  a  number  of  grinding  conditions  are 
shown  m  F  gures  271.  272  and  27J,  pa  •«*  251  and  2>2  The  effect 
of  wheel  speed  is  noted  in  Figure  27J  wh.  p.  .sing  KNO^  and  a  silicon 
carbide  wheel.  A*  the  wheel  speed  increases  there  .ends  to  be  s^me 
increase  in  the  tensile  stressed  layer.  At  bOOO  feet/minute,  tensile 
stresses  were  found  to  a  depth  of  .  002  m.  below  the  surface,  while 
at  2000  feet/mmutc.  they  were  contined  to  less  than  .0001  in.  below 
the  surface. 

The  *  low  stress"  down  feed  resulted  in  a  shallow  tensile  stressed 
layer  as  noted  in  Figure  272. 

When  an  aluminum  oxide  wheel  wss  used  at  a  higr.  wheel  speed  of 
fcQOO  feet/minute,  an  extensive  tensile  stressed  condition  resulted 
as  may  be  seen  in  Figure  272.  The  tensile  stressed  ststc  existed  to 
a  depth  ot  .  006  in. .  with  a  maximum  value  of  70.  000  psi  .  001  m. 
below  the  surface 

The  effect  of  using  a  grinding  fluid  othsr  than  KNOg  solution  on  the 
residual  stress  patterns  may  b«  observed  by  comparing  the  curves 
in  Tigurs  273.  Even  though  ths  surface  stress  was  a  high  tensile 
value  when  a  highly  chlorinated  oil  was  weed,  the  distortion  and 
general  characteristics  art  similar  to  those  obtained  when  using 
KNOj  solution. 

Table  XXII  lists  surface  roughness  readings  for  various  grinding 
conditions. 
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TAni.K  XX 

SURFACE  ROUGHNESS  PRODUCED  UY  FA'~ E  MILLING 
2  I  rAN'It'M  CA1-4V  BETA  ROLLEO.  UE1  ;HiN 

Cutter:  4"  Dia.  Single  Tuoth  race  Mill  with 
C-2  (88))  Carb’de 


AR: 

0* 

Inch:  0 

RR: 

-10* 

ECEA:  0 

CA: 

45* 

Clearance:  10 

TR: 

y 

Cutting  Speed:  1 50  feet /minute 

Feed:  .005  inchea/tooth 


Depth  of 

Cutting 

Cut 

Wearland 

Fluid 

(Inc  he  a) 

(Inc  he  a) 

Chemical 

.010 

0 

Emulaion 

.016 

.0)2 

.040 

0 

.016 

.on 

Dry 

.040 

0 

.016 

.0)1 

Barium 

.040 

0 

Compounded 

Oil 

.016 

.0)1 

Surface  Finieh  - 
Microinchea  AA 

Parallel  to  Perpendicular  to 


Cutting 

Direction 

Cutting 

Direction 

10-11 

18-20 

ld-20 

30- )4 

15-18 

20  -22 

10-12 

18-20 

20-25 

50-60 

15-18 

)0- J2 

10-12 

18-40 

20-24 

25-28 

15-18 

30- )2 

10-12 

18-20 

14-16 

24-25 

15-16 

25-28 
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TABLE  XX!I 


ft 


SURFACE  ROUGHNESS  BY  SURFATE  C3 U.TUNG  ^ 

TITANIUM  bAl -4 V  BETA  ROLLED,  UHN 

C rose  Speed-  .  050  irchca/paaa 

Table  Speed:  40  feet/minute  0 

Depth  of  Grind:  .010  in. 


Surface  Finiah  - 
Microinchea  AA 


Wheel 

Down 

Feed 

(Inchea) 

Cutting 

Fluid 

Wheel 

Speed 

Parallel  to 
Grinding 
Direction 

Perpendicular 
to  Grinding 
Direction 

32A46H8VBE 

m 

o 

© 

KNOjf  1:20) 

2000 

45-50 

135-140 

4C00 

20-25 

48-52 

4000 

28-32 

78-82 

32A46K8VBE 

.002 

KNO2  (1:20) 

2000 

20-24 

50-54 

4000 

25-30 

44-50 

4000 

23-24 

48-50 

39C60J8VK 

.002 

KNOz(l:20) 

2000 

35-45 

95-100 

4000 

12-40 

115-125 

4000 

24-24 

55-40 

39C40H8VK 

.002 

KNO{(1:20) 

zroo 

55-57 

152-157 

4000 

30-32 

05-90 

4000 

25-27 

55-54 

LB 

KNO|(1:10) 

2000 

15-»7 

24-20 

a  * 

w*l 

11-14 

34-35 

.001 

KNOz(l:20) 

2000 

32-30 

00.05 

4000 

30-40 

75-00 

LS 

W«bly 

4000 

14.10 

29-30 

Sulfur!  sad 
Oil 


Wfhly 
Sulfur!  ted 
OU 


ft 


ft 


ft 


ft 


ft 


ft 


l 


ft 


•  14$ 
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001 


4000 


20.13 


40.41 


tam i.:-:  xx;: 


sv :?r.v  t;  ?< rrnnvcn  ny  s'.’ ifacz  grinding 

Ili  AMUM  '.A1-4V  UKTA  KOLLLD,  32..  MHN  (continued) 


Wheel 

'>Ct>0H8VK 


Surface  Finish  - 

Microinche*  AA 


Do»r. 

parallel  to 

Perpendicular 

F  ecd 

Cutting 

Wheel 

Grinding 

to  Grinding 

(Inches* 

Fluid 

Speed 

Direction 

Direction 

.002 

Highly 

2000 

52-57 

145-153 

Suliuriied 

4000 

45-40 

83-05 

'Jil 

6000 

40-45 

125-135 

.002 

Highly 

2000 

28-36 

138-142 

Chlorinated 

4000 

52-55 

150-155 

Oil 

6000 

20-22 

48-50 

144  - 
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D .  v  >rt :  -.-n  a  r.'i  i  ial  *t  rr  *  *  Try .1  :*•  r  milling  with  ■»  <  -1  rij.-i*- 

*ii!i  ur.n'i»  m.lhng  1  ondit.ona  ?.r*  Sound  m  F igures  274,  2.  ' 
and  2 7 >  .  ijcrs  2  I  a..d  ’*2  Also  *«  r  Tanl<*  XXIII 

With  a  0-2  ?|  carbide  *  utser .  tit  liSt-jr'.on*  produced  with  ,  016 

ur  .  0  >2  m.  woarl.nds  «.'ii*  g  r  r.i  N*r  *  ■  1  n  that  found  with  a  sharp 


»uti**r.  s  <-  Figure  2'4.  pair 


T'  rrr  was  jomf  tendency  for  lr(i 


d  Mumui  -t  fiJ2  m.  w  -rUnd  than  at  .  0l*>  in.  cvearland.  All 
distort  on  valors  imlirat?  iomprrn:vf  residual  stresses  m  the  layers. 
The  residua!  stres*  patterns  related  to  these  results  are  given  in 
Fiuurrs  27?  and  27‘j,  pa.t-i  2tl  and  2t2. 

A  sharp  tool  gave  a  rjmpresaive  stressed  layer  of  a  greater 
magnitude  t.<  a  greater  depth  than  either  of  the  other  two  wear  condi- 
tions.  see  Figure  275,  page  2ol.  The  greatest  wear,  .052  in.  wear- 
land.  showed  r.o  measurable  residual  stress  within  the  first  .  001  m. 
below  the  surface,  with  c ily  small  stress  values  below  that  point. 

The  intermediate  wearUnd  produced  a  shallow  (less  than  .  701  in. ) 
compressive  stressed  layer,  ’vit*.  a  maximum  value  of  90.  000  psi  at  the 
surface.  A  hcavy-dum  chemical  emulsion  w?s  used  as  the  cutting  fluid 
in  all  these  tests. 

The  effect  of  cutting  fluids  m  res.duai  stress  patterns  is  shown  ,n 
Figure  276.  page  262.  The  heavy-duty  chemical  emulsion,  the  barium 
compounded  oil,  and  milling  dry  produced  similar  results.  The 
compressive  surface  stress  values  ranged  from  50,000  to  9C.  000  psi, 
decreasing  rapidly  within  the  first  .001  in.  below  the  fr'icr.  These 
results  are  in  agreement  with  the  distortions;  see  Figure  274. 

For  the  tame  cutting  flu’d  (heavy-duty  chemical  emulsion),  leas 
distortion  was  found  when  using  a  light  cut  (.  010  in. )  than  when  using 
the  deeper  cut  of  .  040  in.  ,  see  Fipure  274. 

The  surface  roughnt'a  readings  obtained  wnen  face  milling  with  the 
C-2  carbide  cutter  are  summarized  in  Table  XXU2. 

Face  Milling  -  HS5  Cutter 


A  T13  HSS  cutter  was  used  under  various  cutting  fluid,  wearland, 
and  depth  of  cut  conditions.  The  distortion  .  /oduced  under  cheae 
various  milling  conditions  and  the  resulting  residual  stress  patterns 
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Ti  'Ai  2Sn-4/.  r-2M  Ann*aU -!  *2  1  JUrN  (..  ont.r  .rrj) 

Face  M.iiirg  •  liSS  CuMrr  (utntnu-dl 

associated  with  some  of  the*!'  c  uwl.t:»n»  are  foond  in  Fig'nos  2'', 

278  and  27  4,  pages  2c2  and  2t  l. 

A  T15  HSS  cat*er  gave  greater  distortions  for  greater  too'  wear. 
Figure  277,  page  2 >  l.  over  the  range  0  00  in.  (snarp  tool)  to  .  0i2  m 
tool  wearland.  In  the  same  figure,  the  effect  of  depth  of  r  .»  and 
cutting  fluid  mav  be  seen  There  were  three  different  cutting  fluids 
used  *•  a  heavy  duty  chemical  emulsion,  a  barium  compounded  oil 
and  a  hig.dy  chlorinated  oil.  Even  though  some  greater  distortion 
resulted  with  the  highly  chlorinated  oil  at  .  01b  in.  tool  wearland.  m 
general,  the  differences  between  the  curves  are  small. 

The  two  curves  reported  for  the  heavy-duty  chemical  em.Uiou  as 
the  cutting  fluid  show  the  effect  ot  two  different  depths  of  Cut  (.  010 
and  .040  in.).  1’  will  be  noted  that  ahghtlv  less  distortion  occurred 
with  the  greater  depth  of  cut. 

The  residual  stress  profiles  with  different  degrees  of  *ool  wearland 
are  presented  in  Figure  278.  page  263.  The  compressive-stressed 
area  under  the  curve  for  .032  in,  wearland  i'j  the  greatest,  while  tnat 
under  the  .000  in.  wearland  is  least.  Such  results  are  in  agreement 
with  the  distortion  values  in  Figure  277,  With  both  the  .  01b  and  .  032 
in.  wearland  condition*,  the  compressive  stressed  layer  extended  to 
a  depth  of  greater  than  .  010  in. 

When  the  residual  stress  curves  produced  by  three  different  tutting 
fluids  sre  compared.  Figurs  279.  page  263,  the  difference  is  not 
considered  significant.  Shapes  sre  similar,  and  the  compressive 
stressed  layer  extends  to  st  least  .  010  in.  in  all  cases.  The  three 
fluids  compared  are  heavy-duty  chemical  emulsion,  highly  chlorinated 
oil.  and  barium  compounded  oil. 

la  Table  XXIV,  the  surface  roughness  vsluss  of  surfaces  machined 
with  the  T15  cutter  are  listed. 
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Surface  Grinding  ^ 

The  surface  grinding  parameters  investigated  when  grinding  the 
Ti-6Al-2Sn-4Zr-2Mo  alloy  were  wheel  speed,  wheel  grade,  end 
grinding  fluid.  Graphical  results  on  distortion  and  residual  stress 
characteristics  are  shows  in  Figures  280  through  286,  pages  264 
through  267. 
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7.  J  T|.>  Al  ZS-i-4/r  -:Mq  Arr«-alr-!,  121BHN  (continued) 

S'-f  )a<  r  Ci  f  indi  |mnl;n  n-(i) 

Incrra*ing  wheel  speed  and  mc»ea»tng  wheel  hardne**  increased  the 
distortion  see  F.E-rr  2S0  pu^r  2t4.  With  the  Silicon  carb.de  wheel 
at  4000  feet  •  m. note  whe<l  speed,  practically  no  distortion  was  found. 
^However  increasing  the  wheel  speed  to  bOOO  feet/minute  resulted  in 
""a„dilrt>rtion  of  020  in  in  )  i  in.  Aluminum  oxide  wheels  produce  a 
greater  degree  ot  distortion  than  silicon  carbide  wheels.  At  4000 
fcetiminute  wheel  speed  the  distortion  increased  from  sero  with  a 
i^CbOyhVK  (silicon  carbide.  H  hardness)  wheel  to  .  023  in.  with  the 
harder  3.9Ct>0tfcVK  wheel.  With  aluminum  oxide  (32A46)  wheels  at 
4000  fret  .'minute  increasing  the  wheel  hardness  from  H  to  K  increased 
the  distort^n  only  a  small  amount,  from  0u3  to  .  035  m  in  3.  5  in. 

The  effect  of  using  highly  chlorinated  oil,  highly  sulfunced  oil.  and 
KNO2  (1  20)  solution  showed  only  a  minor  difference  between  the 
distortion  values  when  using  the  two  oils  and  a  somewhat* reduced 
distortion  when  using  KNOj  solution,  see  Figure  231,  page  2 64. 

Ihr  bar  graph  in  Figure  282.  page  265,  »jt  names  the  effect  of 
wheel  speed,  grinding  fluid,  and  down  feed  on  distortion  With  a 
"low  stress  '  down  feed,  only  a  small  degree  of  distortion  resulted. 

At  .  002  in.  /pass  down  feed,  the  degree  of  distortion  increased  with 
the  direction  of  the  distortion,  giv.ng  an  indication  of  compressive 
stresaea  at  a  wheel  speed  of  2000  feet/minute  and  tension  stresses  at 
a  wheel  speed  of  4000  teet/minute 

Figure  283.  page  265,  shews  the  residual  stress  patterns  obtained 
when  varying  the  wheel  speed  for  KNO>  as  the  grinding  fluid.  Wheel 
speeds  of  2000  feet/minute  and  4000  feet/imnute  gave  similar 
patterns.  At  6000  feet/minute,  tensile  streesea  existed  to  a  depth 
of  .  003  in. 

At  a  wheel  steed  of  4000  feet/minute,  more  distortion  was  obtained 
with  highly  chlorinated  oil  as  th*-  grinding  fluid  than  with  KNO j 
solution.  The  residual  strsss  curves  for  these  two  conditions  are 
ehown  in  Figure  284.  page  26e.  where  the  greater  quantity  of  tensile 
stressed  layer  in  the  sample  ground  using  highly  chlorinated  oil  at 
the  fluid  te  observed. 

At  a  high  wheel  speed  (6009  feet/minute)  and  using  an  aluminum 
•oxide  whsel  (32A46K8VBE).  tensile  stresses  extended  to  .  005  in. 
below  the  surface,  as  may  be  observed  in  Figure  285,  page  266. 
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J  Ti  • »  A1  •  2/v<-  *k  r  •  2\f  Anneal'-d  h  N  Ity.rii  .f'll 

Surf.iie  Cirindirg  ( v  ont  i  nuedl 

The  timt  ih^fl  acerd  »  •rliron  <  rhf.l  ,  M 

alto  prodArd  a  tenaile  atretted  layer.  b  it  both  t*  magnit.de  and 
depth  *t f e  leaa 

In  FiguVr  24n,  page  2t>7.  the  reaidual  itrtn  c.rv*i  lor  a  ’low  a*rr*a  ’ 
grinding  condition  (ailicon  carbide  wheel  low  wheel  apeed.  and  low 
atreaa/'  down  feed)  and  for  a  more  abuaive  gr  mding  i  'ind  it  ion  (al  miii  .m 
oxide  wheel,  high  wheel  apeed,  and  heavy  donn  !eed)  are  thown.  The 
greater  tenaile  atreaaed  layer  of  the  *o-.a.\  r  condition  ia  readily 
evident.  The  'Tow  atreaa"  down  feed  condition  mvolvea  the  removal 
of  .  C 10  in.  of  material  at  .  OOOS  in.  /paaa  for  the  firat  004  in.  .  and 
for  the  laat  .  002  i.i.  two  paaaea  at  .0004  in  /paaa.  with  the  final  aix 
paaaea  of  .0002  in.  /paaa. 

The  aurface  fimah  produced  by  theae  grinding  atadiee  ire  recorded 
in  Table  XXV. 
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TABLE  XXIII 


SURFACE  ROUGHNESS  PRODUCED  BY  FACE  MILLING 
IttAJML'Ni  toAl-JSn-4 /I  r -2  Mo.  ANNEALED,  321  BUN 

Cutter:  4"  Dia.  Single  Tooth  Face  Mill  with 
C-2  (883)  Carbide 

AR:  0*  IncL:  7* 

RR:  -10*  ECEA:  0* 

CA.  45*  Clearance:  10* 

TR:  -7* 

Cutting  Speed:  ISO  feet/minute 

Feed:  .005  inches /tooth 


Surface  F  ini  ah  - 
Microinchee  AA 


Depth  of 

Parallel  to 

Perpendicular  to 

Cutting 

Cut 

Wearland 

Cutting 

Catting 

Fluid 

(Inches) 

(Inches) 

Direction 

Direction 

Heavy  -duty 
Chemical 

.010 

0 

.010 

11.20 

IS* IT 

45-47 

35-37 

Emulsion 

.032 

14-16 

34-36 

.040 

0 

25-27 

33-36 

.010 

25-27 

30-43 

.032 

27.29 

40.42 

Dry 

.040 

0 

20.22 

29.31 

.016 

17-19 

42-44 

.032 

17.19 

40-52 

Barium 

.040 

0 

11.20 

20-32 

Compounded 

Oil 

.014 

15-17 

35.30 

TABLE  XXIV 
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% 


<D 

» 

SURFACE  ROUGHNESS  PRODUCED  BY  FATE  MILLING 


TITANIUM  f>Al -2Sn 

•  47r-2Mo.  ANNEALED,  32 1 

BHN 

Cutter:  *"  Dia.  Single  Tooth  Face  Mill  with 

• 

T1S  H3S 

AR:  0* 

Incl. 

0* 

RR:  0* 

ECEA:  0* 

CA:  4S  * 

Clearance:  8* 

TR:  0* 

i 

Cutting  Speed: 

7 j  feet/minut 

e 

Feed:  .  005  inihee/tooth 

i 

Surface  Finish  - 
Microinchee  AA 

Cutting 

Depth  of 

Parallel  to 

Perpendicular  to 

Cut 

Wearland 

Cutting 

Cutting 

Fluid 

(Inchee) 

(Inchee) 

Direction 

Direction 

• 

Heavy-duty 

Chemical 

.010 

0 

.OH 

13. IS 

14.13 

13-17 

Emulaioa 

33-35 

.032 

2*. 30 

30-35 

.040 

0 

14. IS 

li-20 

• 

.01* 

IS> 20 

40-42 

.012 

23-27 

*4-*7 

Highly 

.040 

0 

13-13 

20-22 

m 

Chlorinated 

Oil 

.01* 

14-13 

21-30 

w 

.032 

13-17 

30-32 

Barium 

.040 

0 

13-17 

15-17 

Compounded 

Oil 

• 

.01* 

14-13 

30-32 

» 

I  u 


n 


i 


TAME  XXV 

SURFACE  ROUGHNESS  PRODUCES  BY  SURFACE  OR fN'DfVG 

TITANIUM  t>A1.4N-.-4Zr->Mo.  121  OH N  ‘^TJ 

Croaa  Speed:  .050  inchee/paaa 

Table  Speed:  40  feet/minute 

Depth  of  Cried:  .010  in. 


Surface  Finish  - 
Microinchee  AA 


1 

Wheel 

Down 
Feed 
(Inc hes) 

Cutting 

Fluid 

Wheel 

Speed 

Parallel  to 
Grinding 
Direction 

Perpendicular 
to  Grinding 
Direction 

32A46H8VBE 

.002 

KNOj(l:20) 

2000 

24*25 

35-37 

4000 

19*20 

48*50 

6000 

25-27 

58*60 

1 

32A46K8VBE 

.002 

KNO2(l:20) 

2000 

22-24 

36*30 

4000 

22*24 

45*47 

6000 

22*24 

48*50 

1 

32A46J8VK 

.002 

KNOj(1:20) 

2000 

22*24 

36*38 

• 

4000 

25*27 

60.70 

6000 

20*32 

60*70 

39C60H8VK 

.002 

KNOg(l:20) 

2000 

45*48 

90-100 

1 

4000 

45*40 

00.04 

6000 

25.27 

67.69 

LS 

KNOg(l:20) 

2000 

15-17 

20.21 

( 

4000 

10-20 

33-35 

.001 

KNOg(l:20) 

2000 

18*20 

32.33 

4000 

24*25 

29-31 

1 

• 

LS 

Highly 

Oulfu  riied 
OU 

4000 

14.16 

20-30 

• 

.001 

»gMr 

Solfaiised 

on 

4000 

17-19 

40*42 

t 


-  1ft  - 


t 
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T  AH  i.F  XXV 


1 

SURFACE  ROT'GKNFS'  PRODUCED  HY 

'-*"R  FACE  GRINDING 

ft 

t  : : a n:v  m  * ai  - :  >•  -  4 /  r - 2  \t  j.  >2  i 

RUN  (Continued) 

Surface  Finish  - 

< 

Mic  roinc  he*  AA 

ft 

Dovrn 

Parallel  to 

Perpendicular 

Feed 

Cutting 

A- he  el 

Grinding 

to  Grinding 

Wh**l 

(Inches) 

Fluid 

Speed 

Direction 

Direction 

3<»Ce>0H37K 

.002 

Highly 

2000 

45-4? 

95-100 

4 

<Hil(urised 

(,  1 

4^0 

60.65 

80.85 

ft 

6000 

20.21 

41-45 

i 

1 

.  002 

Highly 

2000 

18-42 

190-200 

Chlorinated 

« 

Oil 

4000 

15.1? 

40-42 

ft 

6000 

10.32 

42-45 

32A4oHRVBE 

.002 

KNO£(1:20) 

2000 

31-15 

6«-?2 

4000 

24.26 

S5-6C 

4 

J9C60J8VB 

.002 

KNOj(1:20) 

2000 

38-40 

41-65 

ft 

4000 

41-45 

65-68 

4000 

35-18 

40-52 

« 
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PESID'.'AL  STRESS  AFTER  rPFACC  CP.'S^'y, 
ft-»Al-2Sn-4Zr-2Mr>.  A.VNTAt.r.D,  121  N!N 

I  effect  or  grinding  condition  ■ 


CROSS  FEED:  .  050  IN.  /PASS 
TABLE  SPEED:  40  FEET /MINUTE 
DEPTH  OF  GRIND:  .010  IN 
GRINDING  FLUID:  KNOz  (1:20) 
SPECLMEN  SIZE:  .  060°  *  1/4'  *  4-  t/4' 


5  +60 


WHEEL  GRADE:  1IA46K8VDE 
WHEEL  SPEED:  fcCOO  FT.  /MIN. 
DOWN  FEED:  .  002  IN.  /PASS 


\ 


WHEEL  GRADE:  3OC60H8VK 
-WHEEL  SPEED:  2000  FT.  /MIN. 
DOWN  FEED:  LOW  STRESS 


DEPTH  BELOW  SURFACE  -  INCHES 


S««  taut,  page  286 


Figure  *86 


4 


ft 


!  >  :  V  A- •  2  30_rM!N 

T»,.-  St ,  M  .  -  ^  ■  <*->  r  s  'J.  r  r 

Annealed  Inconel  ♦  of  203  BHN  was  fair  m.Iie'i  w.th  C  •  2  (‘‘■'M 
carbide  at  tw>  diHer*-nt  depths  of  cut  and  twree  wearisrd  cunri.iior.s. 
Highly  chlorinated  oil  «>i  used  as  the  cutting  find  for  all  tests. 

The  diatortion  and  re«u2  ;al  stress  result*  art  found  in  Fig-ire  287, 

288  and  284.  pages  274  and  27>. 

With  a  0.  010  in.  depth  of  cut,  a  sharp  tool  ;avf  the  least  distortion, 
the  greatest  distortion  with  0.  01*-  in.  wearland.  and  intfrmr)ia> 
diatortion  at  0.012  in.  wearland.  are  Figure  287,  page  274.  When, 
the  depth  of  cut  waa  increased  to  0.  040  in.  ,  the  diatortion  «ai  about 
the  aame  for  all  wrearland  conditions. 

Residual  stress  curves  for  the  three  wearland  levels  and  a  0.  010  in. 
depth  of  cut  are  shown  in  Figure  288.  page  274.  The  deflection  values 
indicated  the  major  portion  of  stress  in  the  outer  layers  as  compressive, 
however,  it  will  be  noted  that  all  three  curves  showed  a  tensile  stress 
at  the  surface.  Only  at  depths  greater  than  .001-.  002  in.  below  the 
surface  did  compressive  stresses  prevail.  A  sharp  cutter  (.  000  in. 
wearland)  restricted  the  major  stress  to  within  0.  0  1 0  in.  of  the 
surface,  while  the  greater  wearlands  exhibited  compressive  stresses 
at  depths  greater  than  this. 

Two  residual  stress  curves  for  •  0.040  in.  depth  of  cut  sre  shown  in 
Figure  289.  page  27$,  the  one  for  s  sharp  cutter  and  the  other  with  s 
0.016  in.  wearland.  The  curves  sre  quite  similar,  except  for  the 
portion  near  the  surface  (less  than  0.001  in.  below  the  surface)  where 
some  tensile  stresses  wsrt  found  in  the  0.016  in.  wearland  specimen. 

The  surface  roughness  values  of  the  car’  .e  nulled  surfaces  sre 
listed  in  Table  XXVI. 

Tact  Milling  »  HSS  Cutter 

Face  milling  with  a  T1S  HSS  cutter  involved  using  two  different  depths 
of  cut  and  three  different  wearland  condition*.  The  retailing  distor¬ 
tion#  art  ahown  in  Figure  290,  page  27$.  At  0.  01 6  in.  and  0.  0)2  in. 
wearland*.  the  diatortion*  produced  were  about  the  aame.  A  sharp 
cutting  tool  with  a  shallow  cut  (.  010  in. )  gave  leaa  diatortion  than  did 
the  deeper  cut  (.  040  in. ). 

Residual  stress  patterns  did  not  differ  greatly  at  may  be  assn  in 
Figure*  291  and  292,  page  276.  A  a  harp  cutting  tool  with  both  a 
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.  010  ,n.  and  a  .  040  m  depth  of  c  ijt  produced  *ome  terttile  stresses 
on  the  surface  and  a  maximum  compresaive  stress  of  approximately 
18.000  psi  at  0.001  in.  below  the  surface.  In  general,  the  maximum 
stresses  were  not  very  large,  but  did  extend  to  about  .010  in.  below 
the  surface. 

Table  XXV11  indicate#  the  surface  roughness  of  the  apecimens  used. 


Surface  Grinding 

The  effect  of  grinding  Inconel  62 5  with  aluminum  oxide  grinding 
wheels  of  various  hardness  values  and  at  various  wheel  speeds  was 
investigated.  Most  of  the  work  was  done  with  highly  sulfurised  oil 
as  the  grinding  fluid,  however,  a  few  tests  were  run  using  no  fluid, 
a  KNO2  solution,  and  a  highly  chlorinated  oil.  The  distortion  results 
are  pr-sented  in  Figures  29 J  and  294.  page  277,  and  the  residual 
stresses  m  Figures  295  and  29p,  page  278. 

The  softer  "H"  wheel  gave  the  least  distortion  at  all  wheel  speeds, 
see  Figure  29J.  page  277.  The  "J"  and  "L"  grades  produced  about 
the  same  degree  of  distortion.  As  the  wheel  speed  increases,  the 
distortions  tend  to  increase,  with  the  increase  being  less  for  the 
wheel  speed  interval  4000  to  6000  feet/minute  than  the  interval 
2000  to  4000  feet/minute  when  the  H  and  J  wheel  a  were  uaed. 

The  residual  streaa  curve#  in  Figure  295,  page  278,  are  in  general 
agreement  with  the  diatortion  results  for  the  case  of  a  52A46J8VBE 
wheel  at  speed#  of  2000,  4000.  and  6000  feet/minute. 

When  the  wheel  hardneaa  was  increased  from  the  H  grade  to  the  J 
grade,  the  major  effect  on  the  reatdual  atreaa  curve  waa  one  of 
extending  the  tensile  stressed  layer  deeper  within  the  sample;  too 
Figure  296.  page  278. 

In  Figure  297,  page  279.  the  change#  is  residual  stress  curves  with 
changing  down  feed  condition#  may  be  observed.  When  a  "lew  atreaa" 
down  feed  waa  used,  the  atreaa  value#  were  lowest  and  the  depth  of 
penetration  was  lest. 

A  summary  of  the  distortions  produced  when  surface  grinding  with 
a  32A46J8VBE  wheel  under  various  condition#  of  down  feeds,  wheal 
speeds,  and  grinding  fluids  may  be  found  in  Figure  294,  page  27 
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7.4  In  >rcl  t'2^,  200  PHN  (continued) 

Surfac  e  Crindi  rg  ft  ontuv.ed) 

At  a  wheel  «Mcil  of  4300  feet/m. nute  ami  a  down  feed  of  .  001  m  /;>«»»•, 
highly  chlorinated  o.l  gave  the  greatest  distortion  with  KNO^  Soi  ut.on 
the  least.  The  highly  tulfunaed  oil  pioduced  intermediate  di»*ort;on. 
Minimum  distortion  was  produced  using  the  low  stress  down  feed 

In  Figure  2^8.  page  279.  the  residual  stress  curves  are  given  for 
the  two  extreme  grind. ng  conditions.  The  more  ab.sive  cond  •  .ns 
of  a  harder  wheel  ( L.  grade),  greater  d  >wn  frer]  f.  07.’  in.  /pass),  h.gh 
wheel  speed  (r000  feet/rmnute)  and  cutting  dry  can  be  compared  to  t”~e 
reaulta  when  a  softer  wheel  f  J  grade),  low  stress  down  feed  a  lower 
wheel  apeed  of  4030  feet/minute,  and  a  grinding  fluid  were  used 

_  Surface  roughnesa  readings  were  made  on  alt  the  teat  ground  surfaces. 

These  reaulta  are  tabulated  in  Table  XXVUI 

The  surface  finish  obtained  in  grinding  the  Inconel  625  alloy 
avenged  about  8  microir.rhes  AA  in  a  direction  parallel  to  the  grind 
and  IS  to  25  microinchea  AA  perpendicular  to  the  grind  direction 

« 
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TABLE  XXVI 

SURFACE  ROUGHNESS  PRODUCED  BY  FACE  MILLING 
INCONEL  625,  ANNEALED,  200  BHN 

Cutter:  4"  DU.  Single  Tooth  Face  Mill  with 
C-2  (883)  Carbide 


AR: 

5* 

IncL : 

0* 

RR: 

5* 

ECEA: 

0*  land 

CA: 

45* 

Clearance: 

3* 

TR: 

7* 

Cutting  Speed: 

7  3  feet/minute 

Feed:  ,  010  Inc  he •/ tooth 


I 


I 


.  I 


•  • 


Cutting 

Fluid 

Depth  ol 
Cut 

(Inches) 

Wearland 

(Inches) 

Highly 

Chlorinated 

Oil 

.010 

0 

.  Olfc 

.032 

.040 

0 

.0i6 

.032 

Surface  Finish  - 
Microinchee  AA 


Parallel  to 
Cutting 
Direction 

Perpendicular  W 
Cutting 
Direction 

13.16 

17-22 

5-7 

35-40 

5-7 

1 

70-05 

5.0 

13-15 

6-12 

27-13 

3-7 

30-30 

i  ; 

t 

> 

j  i 

i  i 

» 

«  i 

J  i 

'•  i 


t 

;  ! 


*  1 


I 


I®  c* 


4 


4 


& 


4 


< 
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TABLE  XXV 0 

SURFACE  ROUGHNESS  PRODUCED  BY  FACE  MILLING 

INCONEL  fos  ANNEALED,  JOQ  IiKN 

Cutter:  4"  Dia.  Single  Tooth  Face  Mill  with 
T15  HSS 

AR:  5*  IncL:  -7* 

RR:  IS*  ECEA;  0*  land 

CA:  45*  Clearance:  10* 

TR:  14* 

Cutting  Speed:  }|  leet /minute 
Feed:  ,010  inc he •  /tooth 


•  4 


Surface  I  inieh  - 
Micro  inc  he  e  A  A 


Cutting 

Fluid 

Depth  of 
Cut 

(Inches) 

Wearlaad 

(laches) 

Parallel  to 
Cutting 
Direction 

Perpendicular  to 
Cutting 
Direction 

Highly 

.010 

0 

15.22 

60*10 

Chlorinated 

OU 

.010 

5*1 

11*17 

.OU 

5-7 

11*14 

.040 

0 

9*12 

70*15 

.010 

0*11 

10*22 

.OU 

4*1 

12*14 

I 


» 

•  j 
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TABLE  XXVIII 

SURFACE  ROl’GHN F55  PR QDKC  FD  BY  SURFACE  CP. INDTVG 
INCONEL  «>2S.  ANNr.ALLO,  2C0  BUN 


Cron  Sp««d:  . 050  inchee/peae 

Tabic  Speed:  40  feet/minute 

Depth  of  Grind:  .010  in. 


Surface  Fiat  eh  - 
Microinc  hee  AA 


Down 

Parallel  to 

Perpendicular 

Feed 

Cutting 

Wheel 

Grinding 

to  Grinding 

Wheel 

(Inchee) 

Muid 

Speed 

Direction 

Direction 

32A44HSVBE 

.001 

Highly 

Sulfuriaed 

2000 

4000 

6*9 

13-17 

17.22 

Oil 

4-? 

4000 

4-1 

24.27 

32A44J8VBE 

.001 

Highly 

2000 

5-7 

20.24 

Sulfuriaed 

Oil 

4000 

5-7 

17-22 

4000 

5-0 

22-20 

32A44L0VBE 

.001 

Highly 

Sulfuriaed 

2000 

4000 

4-4 

20-24 

15-10 

OU 

4-7 

4000 

5-4 

13.17 

J2A46JIVBE 

LS 

Highly 

Sktlfurlaed 

OU 

4000 

4-7 

10-12 

.002 

Highly 

Sulfuriiad 

OU 

4000 

4-4 

10-23 

.001 

W|«r 

Chlorinated 

OU 

4000 

5-4 

12-15 

.001 

KN<*(i:20) 

4000 

7-0 

15-17 

32A44LIVBE 

.002 

Ory 

4000 

0-13 

22-27 
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SURFACE  FINISH 


The  surface  finishes  obtained  in  face  milling,  peripheral  end  milling, 
•ad  end  mill  slotting  on  moat  of  the  metala  teated  in  thia  program 
•re  hated  in  Tables  XXIX  through  XXXI.  pagea  281  through  28?. 

Theae  meaaurementa  were  made  with  a  Surfindicator  inatrument 
both  at  the  atart  and  end  of  the  tool  itfe  teata  in  whicn  reaaoneble  t x>l 
life  ealuea  were  obtained.  In  general,  the  high  aoeed  ateei  toola  had 
•  vet  'land  of  .  060  in.  and  the  carbide  .  015  in.  at  the  end  of  the  teata. 
It  ahould  be  noted  that  the  qualities  of  the  aurface  (iniahea  at  the  end 
of  the  teata  with  t>  worn  toola  were  often  better  than  with  a  a  harp 
tool.  Whether  the  quality  of  the  su.rfat«  fnush  improve*  or 
deteriorates  •  •  th»  ♦?***  iuila  depend*  04  the  workpiece  material 
and  the  type  cf  wear  that  develops  on  the  tool. 
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i:n<J  fUlt*f 


ripheral  Clearance 


(CCCA)  •f-r  RidUl  Rtk«  (HR) 


ApprNnx  rv 


DPII.L  STYLES 


Margin  -Hr 


Chi»*l  Ed*e 


V.  Web 
Thickneaa 


2-5°  Hehx  Angle 


Standard  Tenet  Drill  -  l**  Helix.  Split  Punt 


V.  Web 
Thickneaa 


Heavy  Web  Drill  »  29  Helix,  Split  Point 

<te  tta  <© 

L  Web 
Thickneaa 

Heavy  Web  Drill  •  12°  Low  Helix.  Notched  Point 


Carbide 

Tip 


0°  Helm 
Angle 


Carbide  Tipped  Die  Drill  -  0  Helm.  Not ched  Point 


Straight  • 
Cutting  Faca 
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APPENDS  DC 


HARDNESS  CONVERSION  CHART 
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Thin  document  in  eubject  to  epectal  enport  controln  and  each  tranemittal  to  foreign 
government#  or  foreign  nntionnta  may  bo  made  only  with  prior  approval  of  th# 
Ma^-i'ac tnr i"g  Technology  Diviaion.  MAT.  AFM!..  'A'PAFr ,  Oh;j<is4tt.  _ 


><  •••«»•«•  *  ..••••  .  •• 

Manufacturing  Technology  Diviaion 
Air  Force  Material*  Laboratory 
Wright-  Patternon  Air  Force  Pate.  Ohio 


Four  group#  of  alloy#  of  int#rt#»  to  th#  aeroapac#  induatiy  worn  aelected  for  th# 
machinability  arudiea  from  #  nurv#y  of  th#  tnmmtry  and  a  r#view  of  th#  literature. 

Th*  four  groupn  consisted  of  (I)  high  #trnnitth  nt##la,  (2)  titanium  alloy#,  (1)  nickel 
baa#  alley  a  and  (4)  atainlna#  at##l  alloy*.  Doth  wrought  and  caat  alloy*  w#r# 

Included  in  t  *  firat  thro#  group#. 

In  general,  th#  ca#t  nickel  ban#  alloy#  required  even  lower  cutting  ap#nda  than  th# 
wrought  alloy#  in  thi#  category.  Recommendation#  are  listed  in  tabl#a  in  th#  report 
tor  machining  all  of  th#  alloy#  included  in  thi#  program  with  commercially  available 
tool#.  It  should  b#  noted,  however,  that  in  some  instance*  small  departure#  from 
tho  suggested  cutting  speeds,  feeds,  cutting  fluids,  tool  geomstries  or  tool  material# 
could  result  lo  significant  reductions  in  tool  lifs. 

A  short  study  was  also  made  of  the  machined  surfaces  obtained  by  fact  milling  and 
grinding  of  two  titanium  alloys,  i  high  strength  steel,  and  s  nickel  hose  alloy. 


This  document  to  subject  to  opecisl  eaport  controls  and  each  transmittal  to  foreign 
governments  or  foreign  nationals  may  be  made  only  with  prior  approval  of  the  Menu* 
factoring  Technology  Division,  MAT,  Air  Force  Materials  laboratory.  Wright* 
Patterson  Air  Force  Base,  Ohio  4MJJ. 


/rJ473 


Unclassified 

1km(| 


M*«.  h;  T»bil  ihr 

Machining  Operation* 

Aeroapace  Allo>a 

Turning 

EfH  Milling 

Drilling 

Face  Milling 

High  Strength  Steal# 

Titanium 

Diatortton 

Reaidual  Strea# 


